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SUMMARY 
 
The objective of this research was to design semiconductor material structures for 
a number of different devices, including GaN metal-semiconductor-metal (MSM), 
InGaAs/InAlAs MSM, and InAs/GaAs quantum dot photodetectors, and to study the 
growth conditions for epitaxial material using molecular beam epitaxy (MBE) augmented 
with an rf-plasma nitrogen source.  
GaN was grown on a LiGaO2 substrate, which has multiple advantages over the 
most commonly used substrates for III-nitride growth. LiGaO2 substrates have a small 
lattice mismatch of approximately 1% with GaN, which leads to high-quality epitaxy film 
by optimization of the growth condition. The combination of nitridation, buffer, super 
lattice, and Ga-rich condition is the key to improving the quality of GaN film grown by 
MBE on LiGaO2. The first GaN MSM grown on LiGaO2 was reported, which has the 
dark current in the range of 10-12A. The device was then lift off and bonded on SiO2/Si 
wafer. The performance of the device did not degrade after integration.  
However, the orthorhombic crystal structure of LiGaO2 results in the unusual 
asymmetric strains within GaN, causing changes in the microstructure of GaN and 
making integration difficult. The strains within GaN grown on LiGaO2 were investigated 
using high resolution x-ray. It was found that the critical thickness of GaN on LGO was 
around 10nm, and the strains relieve with film thickness increasing. The dislocation 
densities were also calculated and confirmed by AFM, which can be as low as 2×107/cm2.   
 xv  
Through studying of the strains with the insertion of AlGaN/GaN superlattice 
buffer, it was found that the strain of the epitaxial layer is dependent on the thickness and 
critical thickness of both epitaxy and buffer layer. For thin GaN films, Al0.12GaN 
superlattice buffer would relieve the strain most, and for the thicker layers, the Al0.44GaN 
superlattice buffer relieves the strain most. The dislocation density measurement shows 
that an insertion of buffer decreases dislocations significantly. Insertion of superlattice 
buffers does not decrease dislocation density further.  
The material structure of InGaAs/InAlAs was studied. The device quality was 
improved by optimizing the material structure. Depends on the application as optical 
interconnects, the optimized material structure should insure the device with high speed 
but reasonable responsivity. Finally, devices were fabricated that achieve speeds as high 
as 50-70 GHz, comparable with the commercial ultra-fast MSM.  
The research of quantum dots was focused on modification of the size, strains, 
and structures of quantum dots by annealing the spacer between quantum dot layers using 
As4 and P2, respectively, at different temperatures. It was found that the annealing under 
P2 results in surface exchange, and the annealing under As4 mostly changes dots’ sizes, 








The objective of this research is to design semiconductor material structures and 
study the growth conditions for epitaxial material for a number of different device-quality 
photodetectors. In this thesis, different materials, including GaN, InGaAs/InAlAs, and 
InAs/GaAs quantum dots, were studied and grown. Due to their different properties, they 
were fabricated into different types of photodetectors and were assessed, when possible, 
for integration with Si circuits.  
High-speed, high-sensitivity photodetectors have been studied extensively for 
years [1], because of their applications in broad-band optical communications networks, 
optical generation of high-power microwave/millimeter waves, future high-speed 
chip-to-chip interconnections, high-speed sampling, and so on [2]. With the development 
of novel semiconductor growth and fabrication techniques, as well as the availability of 
femtosecond lasers, there has been much progress in photodetector technology in the last 
30 years [3-5]. Photodetectors have been fabricated with many materials, such as GaAs, 
InAs, GaN, and Si [6-10]. Metal-semiconductor-metal (MSM) photodetectors have 
numerous advantages, including their vertical structure and high speed. The history of the 
MSM photodetector is introduced in Chapter 2. All of the materials in this thesis were 
grown by molecular beam epitaxy (MBE), a technology that has yielded detectors with 
high performance. Our objective is to articulate relationships between growth conditions 
2 
and device performance and to improve the device performance by optimization of the 
material structure and growth condition.  
GaN photodetectors have been studied extensively in recent years. They are ideal 
for fabricating UV detectors with a bandgap of 3.4 eV. However, generally GaN 
photodetectors suffer from high dark currents, dc drift, and slow response time [11, 12]. It 
is, therefore, a challenge to improve the quality of GaN thin film for this application.  
Many difficulties arise in the growth of GaN epitaxial layers because of the use of 
a highly mismatched substrate, such as sapphire or silicon carbide. LiGaO2 (LGO) is a 
better lattice-match substrate to GaN [13]. In this thesis, we concentrated first on the 
improvement of the film quality of GaN on LGO by studying growth conditions, 
including nitridation, buffer and superlattice structure, and Ga/N flux ratio. The 
optimization of these conditions is the key to improving the quality of GaN films grown 
by MBE on LGO. Once high-quality GaN films were produced, MSM devices were 
fabricated. These were the first published GaN MSM devices on LGO, comparable to the 
best published GaN MSMs grown on sapphire [14]. The growth conditions and 
integratability of GaN MSMs are addressed in Chapter 3. 
It was found that asymmetric strains existing in the GaN layer impact device 
integration. The strains within GaN grown on LGO were investigated using high 
resolution x-ray, as repoted in Chapter 4. It has been found that the asymmetric structure 
of LGO results in asymmetric strains in GaN. A mathematic model was established to 
determine the asymmetric lattice constants from x-ray measurement. It was found that the 
critical thickness of GaN on LGO is ~100Å. This value is much larger than the critical 
thickness of GaN grown on the other substrates. The growth of elastically strained 
3 
material mechanism is different from the plastically strained synthesis as determined by 
observations of Reflection-high Energy Electron Diffraction (RHEED) during growth. 
The dislocation densities were calculated by using the William-Hall approach from x-ray 
measurements, and confirmed by using AFM to count the etch pit density.  
AlGaN superlattice buffers improve GaN film quality on LGO, presumably by 
inhibiting out-diffusion. However, insertion of such superlattice buffers complicates the 
strains within the film. We found that the strain of the epitaxial layer is not only 
dependent on its thickness and critical thickness, but also on the thickness and critical 
thickness of the buffer. These relationships are discussed in Chapter 5. 
MSM photodetectors based on the InGaAs-InP material system have been studied 
over many years for use in long wavelength communications systems. InAlAs/InGaAs 
has optoelectronic applications at wavelengths of 1.3 and 1.55 µm. These devices hold 
great promise for optoelectronic integrated circuits (OEICs) [15]. The challenge is to 
improve the speed of the devices and concurrently maintain low dark current and high 
responsivity by optimizing the material structure. The relationships between material 
structure and device properties are discussed in Chapter 6. Finally, fabricated devices 
were made with speeds as high as 50-70 GHz.  
Research on small quantum-dot photodetectors is relatively new. These structures 
are promising because of their inter-subband transitions of carriers in the infrared (λ= 
4-20 µm) range of the optical spectrum [16]. There are many unanswered questions on 
how the material structures affect the formation of quantum dots and the wavelength, 
speed, and other characteristics of the devices. The size and density of self-assembled 
4 
quantum dots is a very complex topic that is not fully understood. We are exploring 
quantum-dot structures modified by P2 anneals to exploit As/P exchange reactions.  
More research is needed to optimize structures and growth conditions. We focus 
on the tuning of inter-subband absorption wavelengths. By annealing the spacer between 
quantum dot layers using As4 and P2 respectively at different temperature, we can modify 
structures. Photo luminescence (PL) measurement also shows that the energy level is 
changed. A top AlGaAs barrier is introduced to increase the barrier height. By annealing 
the AlGaAs top layer with As4 and P2 at different temperatures, PL data of the annealed 
samples are different from the non-annealed one. The theory and history of quantum-dots 
photodetector, and our experiments and results are described in Chapter 7.  
These photodetectors have the differences in wavelength, speed, and material 
structure. Finally, we conclude in chapter 8 by comparing the integration of GaN MSM 
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C H A P T E R  2  
OVERVIEW: ORIGIN AND HISTORY OF THE PROBLEM, AND 
 GROWTH AND CHARACTERIZATION TECHNIQUE 
 
 
For some applications, the optimal properties of all of the components in a 
substystem may not reside in a single material but in a variety of disparate materials. If 
different materials are heterogeneously integrated into one system, high performance 
semiconductor-based electronic and optoelectronic device design can be greatly 
enhanced.  
In 1987 Yablonovitch et al. [45] invented a technique referred to as epitaxial 
lift-off (ELO), which is based on employing a high-etch selectivity between the substrate 
and the epilayer. The substrate is etched away; the epilayer is thereby released from the 
substrate, resulting in a single-crystal, device-quality semiconductor material. The thin 
films are then placed on a smooth host surface, such as silicon, and adhere through what 
is termed “Van der Waals bonding”. Water molecules in liquid water are attracted to each 
other by electrostatic forces, and these forces have been described as van der Waals 
bonds. The ability to transfer thin films of epitaxial material allows the integration of 
dissimilar materials without the need to rely on heteroepitaxy. 
To create thin film devices for integration, selective chemical wet etching is an 
excellent non-stress alternative to chemical-mechanical polishing, which can often 
degrade device performance. In the integration process, the devices are patterned by 
7 
photolithography and mesa etched, and the devices are protected from the substrate 
removal etchant by a handling layer such as wax. The substrate is removed using a wet 
etch which selectively etches the substrate and not the epilayer. The devices are then 
bonded to a transfer diaphragm and are aligned and bonded to the host substrate. 
Different materials and devices can be bonded into a single substrate system using 
heterogeneous integration without considering lattice match or chemical compatibility of 
the different materials. Thus, the best devices suitable for each function can be selected 
for a single system. The host substrate could be various, depending on the application. 
III-V and III-N materials can be integrated with advanced Si-based circuits. This 
combination can increase the performance, decrease the price, and even create a new 
system.  
The application in this thesis focuses on GaN-based UV photodetectors and 
InGaAs-based high-speed photodetectors integrated with Si host substrates.  
 
2. 1. GaN Growth and MSM Devices  
Metal-semiconductor-metal (MSM) photodetectors are important devices because 
of their high electrical bandwidth, high sensitivity and performance, ability to generate 
ultra-short electrical pulses, simple processing, and compatibility with large-scale planar 
integrated circuit technology [1-5]. The MSM photodetectors are photodiodes in which 
incoming photons create electron-hole pairs that are subsequently separated by an applied 
electrical field and collected at contacts, thereby creating an electrical current. The 
implementation of the MSM differs from that of other photodetectors in that it has a 
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planar rather than a vertical device structure [6]. This is an advantage in applications 
where the photodetectors must be integrated with amplifiers or emitters [7]. 
The MSM photodetector is a planar device, made by forming Schottky diodes on 
a semiconductor layer. Two contact pads and interdigitated fingers form the metal 
structure and the active area of the device. When a bias voltage is applied to the contact 
pads, one of the diodes is forward biased and the other reverse biased. The structure is 
shown in Figure 2.1. The active area of the device is illuminated, and within this region 
carriers (electron-hole pairs) are generated. The carriers are transported to the contact 
pads under the applied voltage. Thus, the device detects photons by collecting electric 
signals generated by photo-excited electrons and holes in the semiconductor, which drift 
under the electrical field applied between the fingers. The important parameters of the 
MSM PDs are responsivity, speed, and dark current [8,9]. The relative importance of 
each parameter will depend on the application, and they are not independent of each 
other. For instance, by changing the absorbing layer width of a detector whose bandwidth 
is limited by transit time, one can increase the bandwidth at the expense of responsivity. 
 
 
Figure 2.1. Top view of metal-semiconductor-metal photodetector.  
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Interest in developing ultraviolet (UV) photodetectors is driven by their 
application in military counter measures, aerospace, automotive, engine monitoring, 
flame detection, and solar UV detection. Progress in the area of GaN-based materials and 
devices shows that GaN-based materials have great potential in the area of UV 
optoelectronics. The leakage currents in GaN are substantially lower than those in GaAs, 
implying superior signal-to-noise levels and allowing device operation at higher 
temperatures [10, 11]. Since the first MSM fabricated on GaN with very low dark current 
was reported by Carrano in 1997 [12], there have been more achievements on n-type and 
p-type GaN, as well as AlGaN MSM [13-21].   
The primary obstacle in developing nitride UV photodetectors has been the 
significant difficulties in obtaining device-quality material. Noise arising from the 
background dominates in faint UV observations. Therefore, UV detectors require low 
dark currents, which result from the defects in the film. It is important to reduce the 
defects within the film and improve GaN film quality. In the past several years, much 
progress has been made in developing GaN epitaxial growth techniques and in 
understanding the properties of GaN material. In the following sections, we introduce 
improvements in the substrate and growth condition. 
 
2.1.1 The Key Parameters Governing the GaN Film Quality 
Many difficulties arise in the growth of GaN epitaxial layers because of the use of 
a highly mismatched substrate, such as sapphire or silicon carbide. LiGaO2 (LGO) has 
lattice constants between AlN and GaN, which make it a suitable substrate for the growth 





















Figure 2.2 (a) Energy bandgap of compound semiconductors as function of lattice constant [22]. 
(b)Crystal structure and orientation relationship of GaN to LGO [24]. 
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It is closer lattice-matched to GaN than sapphire, as shown in Figure 2.2 (a) [22]. 
The crystal structures of GaN and LGO are shown in Figure 2.2 (b) [24]. The average 
lattice mismatch is approximately 0.9%. LGO processes high resistivity, which reduces 
parasitic losses in RF circuits. Furthermore, LGO is easily etched in HF, making device 
integration easier. The structural and electrical properties of LGO have been studied for 
years [23, 24, 25]. There have been a few reports of FET [26] or MSM devices of GaN 
grown on LGO [21]. We achieved significant improvements in the GaN synthesis LGO 
based after studying of the growth conditions.  
Many studies had reported that GaN films “peel off” from the LGO after growth 
and have attributed this phenomenon to poor adherence between the film and the 
substrate. The adherence also depends on the LGO surface, i.e., on whether growth 
occurs on the anion (oxygen) or cation surface [24]. Therefore, it is important to 
understand and investigate the interfacial properties of GaN on LiGaO2 substrates.  
Nitridation of the substrate surface before epitaxy has been exploited by many 
groups. It has been reported that nitridation prevents lithium diffusion into the GaN film 
[27]. Another report suggests that the nitridated surface of LGO by RF-frequency nitrogen 
plasma for 3 hours leads to the formation of a 10-20 nm chemically converted layer, which 
improves the optical and structural characteristics of GaN layers and enhances the lateral 
growth of GaN [28]. Little data are available on the LGO nitridation process [29]. A 
systematic investigation of the surface modification of LGO study is processed and 
reported by our group to optimize the LGO/GaN interface properties in order to avoid the 
peeling off [30], which will be introduced in Chapter 3. 
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For GaN grown on sapphire and SiC, a buffer layer must be inserted between the 
substrate and the active layer to decrease the effect of lattice mismatch between the bulk 
and substrate and to obtain high-quality GaN films [31,32]. The thickness of the buffer 
layer should be greater than the critical thickness to release the stress between the 
substrate and epitaxial film. For the case of LGO, the average lattice mismatch of GaN to 
LGO is 0.9%, and GaN is nearly lattice-matched along the b-axis of the LGO unit cell. 
However, it is still necessary to grow a nucleation buffer layer to accommodate the lattice 
mismatch between GaN and substrate. As a consequence, the buffer condition was also 
studied in this thesis. 
A superlattice layer could stop carriers generated into the substrate from entering 
the detector active layer, and strained superlattice layers act as barriers for the 
propagation of threading dislocations originating from the mismatched interfaces [33, 
34].  
Depending on the effective Ga/N flux ratio, the morphology of the GaN changes 
dramatically. When the growth proceeds in Ga-rich conditions, the GaN layer becomes 
compact. While grown near Ga-rich conditions, the entire surface is not flat. Only under 
conditions of a slight excess of Ga, can very flat films be grown with streaky RHEED 
patterns, with a dramatic reduction of surface roughness and improvement in structural 
and electrical properties. If the Ga/N flux ratio is increased, the film is smoother. It 
should be noted that for high Ga/N flux ratios, the growth temperature should be 
maintained high enough to re-evaporate excess Ga and thus avoid the formation of Ga 
droplets. For Ga/N flux ratios less than one, the spotty wurzite transmission RHEED 
pattern is observed, indicating a three-dimensional surface. N-rich conditions lead to 
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highly columnar, whisker-like morphologies, independent of the buffer layer and 
substrate used. The low flux ratio gives rise to a nitrogen-terminated surface, which has a 
high sticking coefficient for Ga atoms but low surface mobility, and the morphology is 
rough. The net growth rate is low under these conditions, and the decomposition rate is 
high. The driving mechanisms seem to be related to the Ga atom diffusion, which is 
strongly reduced under N-rich conditions. An improvement in crystal morphology and 
quality can be achieved through a two-step growth method: an initial GaN growth at slow 
rate under N-rich condition that promotes the coalescence of 3D islands, followed a 
second step under Ga-rich conditions [35, 36]. 
The combination of nitridation, buffer, super lattice, and Ga-rich condition is the 
key to improving the quality of GaN film grown by MBE on LGO. We will study the 
effects on the quality of film made by these key factors.  
 
2.1.2 Schottky Contact Formation and Fry Etching of GaN MSM 
A number of reviews of GaN fabrication progress have been carried out [37, 38]. 
The measured Schottky barrier heights are, in most cases, a function of the difference 
between the metal work function and the electron affinity of GaN. For n-GaN, rectifying 
behavior was observed for Pt, Ni, Pd, Au, and Ti. Pt and Au appear to produce the 
highest consistent values (~1.0-1.1 eV and 0.91-1.15 eV, respectively) [39, 40], with Ti 
producing the lowest (0.1-0.6 eV) [41]. Research shows that the barrier height does vary 
with metal work function. The strategy is therefore to use a metal with a large work 
function, such as Pt or Au, on GaN to form a Schottky barrier.  
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There are still large variations in barrier heights reported by different workers for 
standard metals on GaN. The variability appears to result from the presence of several 
transport mechanisms, and to materials and process factors, such as 1) defects present in 
these films, 2) the effectiveness of surface cleans prior to metal deposition, 3) local 
stoichiometry variations, and 4) variations in surface roughness that could affect 
uniformity of the results. The influence of the surface cleanliness is obviously most 
important in determining the quality of the Schottky contact. A number of different acid 
solutions, including HF/H2O and NH4OH have been examined for removing the native 
oxide, [42, 43], and superior current-voltage characteristics are observed for the resultant 
rectifying contacts.  
In this thesis, dry etching was used to form mesa structures, where high etch rates, 
anisotropic profiles, smooth sidewalls, and equirate etching of dissimilar materials are 
required. Inductively coupled plasma (ICP) is a high-density plasma etch system, which 
has uniform density and energy distributions to maintain fast etch rates with low damage 
to the surface. The first ICP etch results for GaN were reported in a Cl2/H2/Ar ICP 
generated plasma with etch rates as high as ~6875 Å/min [44]. Etch rates increase with 
increasing dc bias, and etch profiles are highly anisotropic with smooth etch 




2.2 Molecular Beam Epitaxy (MBE) 
Molecular beam epitaxy (MBE) is the epitaxial growth of compound 
semiconductor films by the reaction of thermal molecular beams of the constituent 
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elements with a crystalline substrate surface held at a suitable temperature under 
ultra-high vacuum (UHV) conditions [46]. The basic elements of an MBE growth system 
are UHV chamber, substrate heater block, individually shuttered and liquid nitrogen 
shrouded molecular beam effusion cells, and substrate exchange load-lock system, as 
shown in Figure. 2.3.  
Atomic layer-by-atomic layer deposition is achieved by using low beam fluxes, 
which are controlled by varying the temperature of the source cells. The atomic 
mean-free path in the beams is generally larger than the distance between the source and 
the substrate. Typical growth rates of 0.1-1 µm/hr are obtained. Shutters in front of the 
sources are used to control growth time. Uniform growth is obtained by rotating the 
substrate during deposition. In order to obtain low impurity levels, a background pressure 
of less than 5 × 10-10 Torr is maintained. The UHV environment allows for in-situ 
monitoring of growth conditions and growth rate by RHEED.  
Layer-by-layer epitaxy of lattice-matched materials is possible within a range of 
growth rates and substrate temperatures. The mechanics of this growth mode are 
described by the Burton-Cabrera-Frank theory. According to this model, growth proceeds 
according to the following steps: (1) Atoms impinge on the sample surface, where they 
are adsorbed, (2) The atoms migrate along the surface towards atomic steps, where they 
are stabilized by the increased number of atomic bonds, (3) The atoms migrate along the 
step edges to a kink site, where they are incorporated into the lattice. Deposition involves 
the lateral motion of step edges or the growth of two-dimensional islands until an atomic 
layer is completed. 
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Compared to the more established methods of thin-film growth, the most 
distinguishing characteristics of MBE are low growth rate, low growth temperature 
(<10000C), the ability of abrupt cessation or initiation of growth, a smooth surface of the 
growing crystal during growth down to atomic steps, and the facility for in-situ analysis 
[47]. As a result of these favorable features, the MBE technique provides reproducible 
control over composition, thickness, and doping profile at an atomic scale. In our 




   (a)          (b) 
 
Figure 2.3. Schematic (a) and out view (b) of a MBE system [46]. 
 
 
2.3 X-ray Characterization  
High resolution x-ray (HXRD) is an important tool for analyzing the 
microstructure of semiconductors. A Philips Materials Research Diffractometer (MRD) 
X-ray system was used to obtain measurements. 
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X-ray scattering data were collected with a range of methods on a single 
diffractometer with exchangeable beam conditioning modules, as shown in Figure.2.4. 
The sample was mounted on the goniometer, and the data was collected in the 
high-resolution multi-crystal mode, which is the common method in this thesis for 
reciprocal space mapping and ω-2θ scans, used to determine film relaxation, defect 
density, thickness, and composition [48]. 
 





The x-ray system works by projecting light in the x-ray range on a material. As 
shown in Figure 2.5, an electron is ejected from its atomic orbit by the absorption of the 
photon, which should have a greater energy than the energy with which the electron is 
bound to the nucleus of the atom. When an inner orbital electron is ejected from an atom, 
an electron from a higher energy level orbit will transfer into the vacant lower energy 
orbital. During this transition a photon may be emitted from the atom. This fluorescent 
light is called the characteristic X-ray of the element. The energy of the emitted photon 
will be equal to the difference in energies between the two orbits occupied by the electron 






Figure 2.5 Absorption and radiation mechanisms of photon in an x-ray system [49]. 
 
 
For a particular energy (wavelength) of fluorescent light emitted by an element, 
the number of photons per unit time (generally referred to as peak intensity or count rate) 
is related to the amount of atoms in the sample. The data for all detectable elements 
within a sample are usually calculated by counting, for a set time, the number of photons 
that are detected for the various elements’ X-ray energy lines. Therefore, by determining 
the energy of the X-ray peaks in a sample's spectrum, and by calculating the count rate of 
the various elemental peaks, it is possible to establish the elemental composition of the 
sample and to measure the concentration of these elements. 
When X-ray radiation passes through crystalline materials, the radiation interacts 
with the electrons in the atoms, resulting in scattering of the radiation. For the atoms, 
which are organized in planes and the distances between the atoms are of the same 
magnitude as the wavelength of the X-rays, constructive and destructive interference will 
occur, resulting in diffraction where X-rays are emitted at characteristic angles based on 
the spacing between the atoms. Each atom can belong to many sets of crystal planes. 
Each set of planes has a specific interplanar distance and will give rise to a characteristic 
angle of diffracted X-rays. The relationship between wavelength, atomic spacing (d), and 
angle is the Bragg Equation, as shown in Figure 2.6. Depending on the type of X-ray tube 
used, with a known illuminating wavelength, the angle can be measured with a 
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diffractometer, and then the inter planar distance can be calculated from the Bragg 
equation. A set of d-spaces obtained from a single compound will represent the set of 
planes that can be passed through the atoms and can be used for comparison with sets of 
d-spaces obtained from standard compounds. 
 
   
Figure 2.6 X-ray diffraction mechanism [49].  
 
  
As shown in Figure 2.7, when X-rays are applied to a material's flat surface at 
grazing angles of incidence, total reflection will occur at or below a certain angle, θ c, 
which is called the critical angle and is exceedingly small (less than 10). The angle varies 
depending upon the electronic density of the material. The higher the incident X-ray 
angle relative to the critical angle, the deeper the X-rays transmit into the material. With a 
material whose surface is perfectly flat, the reflectivity suddenly decreases at angles 
above the critical angle in proportion to θ -4. If the material surface is rough, it causes a 
more dramatic decrease in reflectivity. When the substrate is evenly overlaid with another 
material having a different electronic density, the reflected X-rays from the interface 
between the substrate and the thin film as well as from the free surface of the thin film 
will either constructively or destructively interfere with each other, resulting in an 
interference induced oscillation pattern. To a first order approximation, the intensity of 
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lights scattered by a sample is proportional to the square of the modulus of the Fourier 
transform of the electron density. Thus the electron density profile can be deduced from 
the measured intensity pattern, and subsequently the vertical properties (layer 
thicknesses) as well as the lateral properties (roughnesses and correlation properties of 
interfaces or lateral layer structure) characterizing multilayer can be determined. 
Specifically, film thickness can be determined from the periodicity of the oscillation and 
information on the surface and interface from the angular dependency of the oscillation 
pattern's amplitude.  
 
 
Figure 2.7 Mechanism of x-ray reflectivity to determine the film thickness [49].  
 
In summary, the history and theory of MSM photodetector, the growth of GaN, 
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C H A P T E R  3  
OPTIMIZATION OF GaN GROWTH CONDITIONS  
AND INTEGRATION OF GaN MSMs 
 
 
It has been said that the obstacles for GaN MSM are the defects inside the film, 
which produced noise in the background. The pre-growth and growth conditions need to 
be optimized to improve the film quality and minimize the defects to further improve the 
performance of the devices. It was found that a few key parameters affect the film quality, 
including the substrate preparation, growth temperature, nitridation, buffer, and flux ratio. 
The study of these parameters will be introduced in this Chapter. The device fabrication 
process was also studied. The first GaN MSM grown on LiGaO2 was made and 
integrated as a UV detector. 
The primary equipment used in the experiments on the growth of GaN was a 
Riber 32 MBE system. The nitrogen source was a nitrogen plasma generated by a radio 
frequency power source. Conventional solid source Knudsen cells are used for the Group 
III metal sources. The fluxes are measured by an ion flux gauge in units of Torr as 
beam-equivalent pressure. The substrate temperature was monitored by a thermo-couple 
and a pyrometer. Surface morphology was monitored during growth by watching the 
streakiness and the reconstruction of the RHEED pattern. Nitrogen temperature was set at 
about 4.6×10-6 Torr, with a nitrogen flow rate of 0.5 sccm and rf power of 350W.  
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3.1 Substrate Preparation: Polishing 
We chose LGO as the substrate because of reduced lattice mismatch and ease of 
integration. It has been found that the films grown on the anion side of the substrate 
peeled shortly after exposure to air. GaN films grown on the cation side of the substrate 
adhered very well [1, 2]. The determination of the cation face of the LGO substrate is 
performed by etching the LGO in a buffered solution of PH9.2 that is 0.01 N borate. This 
solution leads to a faster etch rate on the cation side than the anion side.  
The LGO substrates from vendors are two-side polished. However, the surface 
morphology is not good enough. Under the microscope, some defects are observed over 
the entire substrate, as shown in Figure 3.1, which result in rough surface morphology of 
the thin GaN film, as shown in Figure 3.2 (a). The scratches in the film would short the 
devices in IV measurement or made the integration difficult. The dark current of devices 
fabricated on such films was very high, indicating high defect densities in the film, as 
shown in Figure 3.2(b). 
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  (a)          (b) 
Figure 3.2 (a) AFM of GaN grown on unpolished LGO with roughness of 6.98nm. (b)Devices 
fabricated on this film has a very high dark current 
 
We developed a chemical-mechanical polishing procedure to polish the substrates 
using a 20 inch plate Lap Master Polisher. The solution was a mixture of powder of 
Al2O3 with water. The sizes of Al2O3 are 9 µm, 3 µm, 1µm, and 0.3 µm. The polishing 
process includes five steps, each taking 0.5-1 hour: (1) 9 µm Al2O3: H2O (~30g: 1200ml) 
(2) 3µm Al2O3: H2O (~20g: 1200ml); (3) 1µm Al2O3: H2O (~30g: 1200ml); (4) 0.3µm 
Al2O3: H2O (~30g: 1200ml); (5) H2O: Ethylene Glycol (2:1).  
During polishing, the force on the substrate, the rotation speed, and solution ratio 
are all important. On a 1cm ×1cm substrate, the force was ~1.5kg, the rotation speed was 
15 rounds per minute, and the solution ratio was given above. Too much force and 
excessive speed may cause permanent damage to the surface. Too dense solution results 
in “orange peel” to the surface (as shown in Figure 3.3). To repair it, the substrate must 
be re-polished with the particle size larger than the one causing the orange peel and with 
the correct solution ratio to reduce the surface texture. Less force and solutions will take 
longer time and more effort to remove the defects.  
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Figure 3.3 Orange peels on the surface caused by too dense solution. 
 
After polishing, the samples were scanned with an atomic force microscopy 
(AFM). The roughness of the surface could be measured in the range of less than 1 nm. 
The AFM images of unpolished and polished substrates are shown in Figure 3.4. The 
surfaces of epitaxial GaN films that were grown on the unpolished and polished substrate 




   
 
Figure 3.4 AFM images of (a). unpolished LGO substrate, roughness=4.52nm; (b). GaN thin film 
grown on unpolished LGO, roughness =6.98nm; (c). polished LGO substrate, roughness = 0.04nm; 






The roughness (RMS) of the substrate decreased from 4.52 nm (unpolished) to 
0.04 nm (polished). The GaN films have the same thickness, around 0.3 µm. The 
roughness of the GaN film decreased from 6.98 nm (grown on unpolished substrate) to 
0.61 nm (grown on the polished substrate). These pictures show that polishing not only 
improves substrate morphology, but also improves film smoothness.  
The substrates were cleaned in trichloroethylene, acetone, and methanol. The 
back surface of the LGO was metalized with a 200 nm Al layer, followed by a 3 µm 
indium layer for the purpose of uniform heating during the growth. The samples were 
then mounted on 3 inch silicon wafers in a modified EPI-uniblock sample holder.  
 
3.2 The Optimization of the Growth Condition 
As we have mentioned, growth temperature, nitridation, buffer, superlattice, and 
the ratio of III-V are the important growth conditions to affect growth quality. We have to 
find the suitable conditions for achievement of high quality film.  
3.2.1 Growth Temperature 
The lattice constants of GaN and LGO are varied with temperatures. We found 
that when the film is grown at higher temperatures, the average lattice mismatch between 
GaN film and LGO is smaller, as shown in Figure 3.5. The lattice constants of GaN are 






=ε                        (3.1) 
where ε is the lattice mismatch between GaN and LGO. This function also works on 
lattice constant b and c. Growth at temperatures from 590 to 890 0C was examined to find 
an optimal growth temperature for GaN growth on LGO. The results showed that at 
6000C-7000C, the film has the best crystal quality [2]. This growth temperature is nearly 
400 0C lower than that used for MOCVD-produced GaN of similar structural quality on 
sapphire, suggesting a potential advantage in producing films containing In and Mg. 
Generally, In and Mg have relatively low incorporation at high growth temperature due to 
desorption and phase segregation. The substrate temperature was thus set at 6000C during 
growth. The temperature was measured by a thermal couple and pyrometer. 
 
      (a)         (b) 
 
Figure. 3.5. (a) Lattice mismatch of GaN on LGO as a function of temperature.(b) Symmetric and 






Substrate surface pretreatment before nucleation layer growth process is 
necessary for GaN growth on sapphire to produce device-quality GaN. A report on the 
nitridation of LGO [4] suggested that the nitridated surface of LGO by rf-frequency 
nitrogen plasma for 3 hours would lead to the formation of 10-20 nm chemically 
converted layer, which is speculated to be thin GaN on a Li-Ga-O matrix, or a mixed 
Li-Ga-ON compound. This layer resulted from the change of surface chemistry, such as 
replacement of oxygen atoms with nitrogen. 
S. Kang has conducted a few experiments varying the nitridation time from 2 
minutes to 30 minutes [3]. An EPI nitrogen source was used for this experiment. The 
nitrogen pressure was set to 4.6 x 10-6 Torr with a nitrogen flow rate of 0.5 sccm and an 
rf-power of 350 W. 
Figure 3.6 (a) shows the O/Ga+Li ratio as a function of nitridation time. The 
longer the nitridation time, the lower the O-content because of the inclusion and 
replacement by N. It was also found that during nitridation some Li was lost by Ga-N 
bonds formation. GaN films were grown on LGO with varying nitridation times under 
Ga-rich growth conditions after the buffer growth on the nitridated surface. The 
crystalline quality did not show much variation in X-ray rocking curve measurements. 
The FWHM values of the x-ray rocking measurements of all the films are in the range of 
100 arcsec, as shown in Figure 3.6 (b). Accordingly, the function of nitridation is to 
reduce impurity diffusing from LGO to the film, but it is not important to the film quality. 
Therefore, we set the nitridation time at 2 minutes. 
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      (a)          (b) 
 
Figure 3.6 (a) Impurities ratio varied with nitridation time. (b) The x-ray measurements for the film 




3.2.3 Buffer and Superlattices 
The buffer was grown as thick as ~16 nm, because from the RHEED observation, 
the film was relaxed beyond this thickness. Detailed research of GaN buffer is discussed 
in the next chapter. The superlattice is composed of five periods of AlGaN/GaN. GaN 
films grown without a buffer and superlattice (SL) layer exhibited high background 
electron concentration and low resistivity in Hall measurements. The electron 
concentration of the sample grown without buffer and SL was 1.03×1018/cm3, and the 
resistance was a few ohms. The electron concentration of the film grown with buffer was 
as low as -1.25×1011/cm3, and the resistance was approximately 1MΩ. For the sample 
grown with both buffer and superlattices, the resistance was too high to measure. The 
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background concentration was estimated to be roughly 1010/cm3. In general, low 
background electron concentration and high resistivity are required for MSM.  
AFM images of above samples are shown in Figure 3.7. All of the samples have 
the same thickness of 0.4 µm. The first sample grown without a buffer/superlattice has 
the roughness of 6 nm, the roughest surface. The second grown with a buffer only has the 
roughness of 1.15 nm. This film shows certain of step-flow growth. The third grown with 
a buffer, followed by a superlattice, has the roughness of 0.55 nm. It has the smoothest 
surface among these three samples.  
The three samples were scanned with an x-ray along the symmetric (0 0 2) 
direction. The rocking curves of the 2θ-ω scan are shown in Figure 3.8. The full width at 
half maximum (FWHM) of the film grown without a buffer/superlattice was 214 
arcsecond, the one grown with the buffer only was 50 arcsecond, and the sample grown 
with a buffer/superlattice was 45 arcsecond. The asymmetric (104) scan showed almost 
the same trend: N637 has the biggest FWHM value, 360 arc seconds; 220 arc seconds for 
N902, and 200 arc seconds for N874. The structure and electrical characterization are 
listed in Table 3.1. 
 
          
 
Figure 3.7. AFM images of 0.4µm GaN grown (a) without a buffer/superlattice; (b) with a buffer 
only; (c) with a buffer/superlattice; (d) the relative rocking curves of the above three samples. 
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*The resistance is too high to measure. 
 
Buffer & SL condition With Buffer/SL Buffer only No buffer/SL 
Thickness (µm) 0.4 µm 0.4 0.4 µm 
Size 1cm×1cm 1cm×1cm 1cm×1cm 
Bulk Resistance (Ω/cm) * 9.77×105 2.40 
Mobility ( cm2/vs) * 51.28 2.54 
Bulk concentration (/cm3) * -1.25×1011 -1.03×1018 
AFM roughness (nm) 0.55 1.15 6 
XRD FWHM (002) 45 50 214 
XRD FWHM (104) 200 220 360 
 
N874, with buffer/superlattice 
 
N902, with buffer only 
 
 
N637, without buffer/superlattice 
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The difference between GaN films grown with and without the buffer is seem to be 
huge. However, the effect of the superlattice on the crystalline is not obvious from 
theAFM and x-ray FWHM.   
Secondary Ion Mass Spectrometry (SIMS) profiles of the impurities Li, O, and C 










































































Figure 3.9. SIMS profile of the impurities inside the films grown with the buffer only (N899) and the 






Both of the samples used in obtaining Figure 3.9 have an epitaxial layer of GaN 
as thick as ~0.7 µm. N899 was grown on a buffer layer; N816 was grown on a buffer and 
a superlattice layer. The composition of Li, O, and C is lower inside the film of N816 
than in N899. This shows that the superlattice stops the impurities from diffusing from 
the substrate into the film, while the function of a buffer is to relax the stress. It has been 
concluded by our group that the buffer thickness should be less than 20 nm. Both the 
buffer and superlattice are grown under N-rich conditions. 
3.2.4 The Ga/N flux ratio and film thickness 
The bulk is grown under Ga-rich conditions. As we have noted in Chapter 2, 
when Ga/N ratio is larger than 1, Ga droplets appeared on the surface of the film, 
step-flow growth is observed with AFM, and a high-resistivity device is achieved. If the 
ratio is less than 1, the surface is rough. As shown in Figure 3.10, the GaN film grown 
under N-rich conditions has a surface roughness of 10.8 nm, while the one grown under 
Ga-rich conditions has a surface roughness of 0.55 nm.  
 
 






We also grew a series of samples with different thickness. We found that the 
FWHM decreases when film thickness increases, as shown in Figure 3.11, indicating that 
the quality of the thicker film is better. Thicker film is also preferable for fabrication and 
integration. However, it takes a long time to deposit a thick film, and for unknown 
reasons, thick films are easily cracked on LGO. Therefore, the film thickness for device 














Figure 3.11. The FWHM of x-ray rocking curves vs sample thickness.   
 
Finally, the quality of GaN thin films grown on LGO was significantly improved 
with the combination of optimized pre-growth and growth conditions: well-polished 
substrate, 6000C growth temperature, 2-minute nitridation, buffer and superlattices, 
Ga-rich epitaxy film, and 0.7-1µm thickness. The estimated dislocation density was about 
107/cm2, and the estimated carrier concentration was 1010/cm3. The surface was 
atomically flat, and the FWHM of asymmetric (104) x-ray scan was 180 arc second, as 

























3.3 The Fabrication and Integration of GaN MSM 
Once high-quality GaN films were produced, the MSM device was fabricated and 
tested. The interdigitated finger of MSM device was 47 mm long, with 2 mm finger 
width and 2-10 mm finger spacing, and a detection area of 50 ×50 µm2. The devices were 
fabricated using standard photolithography to pattern photoresist for subsequent 
metallization of metal Schottky contacts on the GaN. Pt and Au were used as the 
Schottky contacts for their high metal work function, as mentioned in Chapter2, and the 
good adhesion with GaN. Schottky contacts were 450 Å Pt/1500 Å Au, deposited using 
electron beam evaporation. A pre-cleaning step was used to remove the oxide on the GaN 
surface to improve the Schottky characteristics, using hydrofluoric (HF) acid for 1 min 
and warm ammonium hydroxide (NH4OH) for 15 min prior to metallization. The 
cross-section view of the MSM structure and the plane view of a fabricated device are 
shown in Figure 3.13. 
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      (a)           (b) 
Figure.3.13 (a) Cross view of MSM structure. (b) The fabricated device. 
 
 
The dark current and photoresponse of the GaN MSMs were measured. A 
Keithley 617 electrometer was used for measuring the current–voltage (I–V) performance 
of the MSM detector. The measured dark current and photocurrents are shown in Figure 
3. 14 The high bias 7.88 pA dark current at a 60 V reverse bias condition is comparable 
to the best recorded dark current value of 20 pA at 100 V obtained with GaN grown on a 
sapphire substrate [5]. The 10 V low bias dark current of 0.9 pA is comparable to the best 
reported low bias dark current of 0.8 pA at 10 V [5].  
A 250 W tungsten lamp was used for photoresponse measurements. The light 
from the source was colliminated and focused onto the MSM using calcium fluoride 
lenses. A laser line filter  with spectral bandwidth at 308 nm was used to filter the 
incident optical beam. The UV light power density incident on the detector at 308 nm 
was 24.8 mW/cm2. The optical system utilized in this study was calibrated with a 
UV-enhanced Si photodetector and a Newport 1853 optical power meter [6]. The 
responsivity as a function of applied voltage is shown in Figure 3.14 (b). The measured 










the best reported responsivity values of 0.15 A/W at a 10 V reverse bias condition [5]. 
The dependence of the responsivity data on voltage indicates the existence of 
photoconductive gain, which is generally attributed to electron tunneling enhanced by 
hole accumulation and image force lowering at the cathode [7-9]. 
 
     (a)           (b) 
 
Figure 3.14 (a) Dark current, photocurrent and (b) responsivity of GaN grown on LGO. 
 
 
The integration process is shown in Figure 3.15 (a). After device fabrication, the 
devices were mesa etched by ICP. The gas composition and ratio were: 22.5 Cl2: 2.5 H2: 
4Ar2, the etching rate for GaN was ~1000Å per minute with the RF power of 500W, and 
pressure was 5mτ. The surface was protected in black wax, and the substrate was etched 
off using a solution of HF:H2O (1:10), which is selective only to the substrate. The 
etching rate for LGO of this solution is ~10 µm per minute and for GaN is much less than 
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     (a)         (b) 
Figure 3.15. (a) The lift-off process of GaN MSM. (b) SEM picture of device bonded on SiO2/Si wafer. 




The integration process was performed by Prof. Nan Jokerst’s group. The SEM 
picture of bonding devices is shown in Figure 3.15 (b). From the graph, the bonding 
devices are seen to be well aligned on the substrate. The maximum device size for 
successful bonding is 50µm × 150 µm. The Si wafer surface was passivated by coating a 
SiO2 layer. The characteristics of bonding devices are shown in Figure 3.16 and are 
compared with these devices grown on LGO. It shows that the characteristics of the 
devices after bonding are slightly different from the devices on LGO. When the applied 
bias is larger than 40 V, the dark current increased slightly higher than before bonding. 
The property change after bonding may be due to surface states, deep traps in the 
semiconductor bulk material, or a thin insulating layer between the metal and the 
semiconductor. The spectral characteristics of the devices were tested and are shown in 
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Figure 3.17. The photocurrent reached a peak when the wavelength of the incident light 
was around 360nm, indicating our GaN MSM is a good photodetector in the UV range.  




Figure 3.17 Spectral characteristic of GaN MSM versus the wavelength of the incident light. 
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Finally, the GaN MSM was expected to be integrated into a multispectral imaging 
system using three-dimensional stacking of photodetectors to detect different 
wavelengths. One of the approaches of multicolor detection uses intersubband transitions 
in a stacked series of multiple quantum well detectors, which have multiple detection 
regions and are voltage tuned to different wavelength sensitivities. The drawback of this 
kind of photodetector is the difficulty in process technology to electrically contact each 
independent photodetector to separate the signals for different wavelength.  
In summary, the polishing technique on LGO substrate was studied, which 
significantly improved the film quality. The growth condition of GaN on LGO was 
optimized. The first GaN MSM on LGO was made and integrated, which has the quality 
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C H A P T E R  4  
ASYMMETRIC STRAIN AND MICROSTRUCTURE 
CHARACTERIZATION OF GaN ON LiGaO2 
 
Much research has reported the primary factors that influence the growth of 
device-quality GaN films. LiGaO2 (LGO) is a useful substrate for GaN because of its 
smaller lattice mismatch in comparison to sapphire and SiC. However, it has been found 
that after thin-film integration, devices can delaminate and curl in one direction (as 
shown in Figure 4.1.), indicating that there must be strain in the film. There are three 
potential sources of strain: metallization-based stresses introduced in fabrication, internal 
stress gradients resulting from GaN microstructure, and thermal stress resulting from the 
thermal expansion differences between the LGO and GaN. A group at the University of 
Wisconsin has done some research on the first stress and found that the 
metallization-based stress was not significant [1]. And since the substrate has been lifted 
off, the thermal stress should not be counted for the reason to cause the curl. Our research 
focused mainly on the second potential source.  
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Figure 4.1 Curled lift-off device. 
 
It is therefore important to characterize the lattice constants of GaN for different 
film thicknesses and to obtain the stress and strains in the structure and the related critical 
thickness. By definition, when the epilayer is thicker than the critical thickness, the 
mismatch strain is partially or fully relaxed through the introduction of dislocations. The 
lattice mismatch between GaN and AlN is about 3%, larger than that between GaN and 
LGO (1% for average), and the critical thickness of GaN on AlN is only 3 nm [2]. Thus, 
a larger critical thickness of GaN on LGO was expected because of the significantly 
smaller lattice mismatch of GaN on LGO, and it offers a unique opportunity to examine 
growth kinetics on elastically strained thin GaN films.   
The determination of strains in semiconductors needs either rocking curves or 
reciprocal space maps [3]. The rocking curve method assumes that the lattice parameters 
of the substrate provide a good reference, whereas the reciprocal space maps can be 
analyzed on a similar relative scale or absolute scale. The advantage of the latter 
approach is that the substrate distortions and uncertainties in the substrate database values 
are irrelevant, and it is particularly important for heavily relaxed layers. Fewer defects are 
assumed to be introduced into GaN thin films due to the smaller lattice mismatch 
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between GaN and LiGaO2 than that between GaN and sapphire. The strains and 
dislocation density were analyzed in this chapter. The analysis was dependent on the 
high-resolution x-ray measurement.  
 
4.1 Experiment and Characterizations of GaN on LGOThe crystal structures 
of GaN and LGO are shown in Figure. 2.1. GaN has a symmetric hexagonal structure, 
whereas LGO has an asymmetric orthorhombic structure. The asymmetry of the 
crystalline structure of LGO results in an asymmetry of the strains in GaN, which 
complicates the analysis. This asymmetry in strain is technologically significant for the 
substrate removal and epitaxial lift-off processes [4] utilizing GaN grown on LGO in that 
it introduces bending in only one direction.  
GaN thin films with thicknesses from 5 nm to 1 µm were grown on LGO by 
molecular beam epitaxy (MBE). A Philips MRD X-ray system was used to obtain 
measurements from multiple reflections, allowing the film lattice constants to be 
calculated. The LGO was polished prior to growth to achieve a smooth surface. The 
roughness of the surface after polishing was typically less than 1 nm. The substrates were 
solvent cleaned before loading into the MBE system. Six samples were grown at a 
temperature of 6000C. The temperature was determined by a thermocouple and 
pyrometer. A two-minute nitridation preceded the initiation of growth. The thicknesses of 
the samples were 5nm, 10nm, 15nm, 20nm, 50nm, and 1µm. For the first five thin 
samples, the Ga flux was 7×10-8 Torr, significantly within the N-rich growth regime. The 
thicknesses of these samples were determined from glancing angle x-ray reflection data, 
which is accurate to within ±0.5 nm for a 5 nm film. The reflectivity x-ray measurement 
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for the 50nm sample is shown in Figure 4.2. The final 1µm sample was grown with a Ga 
flux of 4×10-7 Torr, known to yield a slightly Ga-rich growth condition in our system. 
The thickness of this thicker sample was measured with a profilometer, with an error of 
±0.015µm. Since the growth temperature is the same in all cases, the thermal expansion 
mismatch is identical in all samples. 
 
 
Figure 4.2. Reflectivity measurement of GaN, from which a thickness of 50nm was obtained.  
 
 
The X-ray 2θ-ω curves of these six samples are shown in Figure 4.3 for the 
(0002) reflection. The distances between the GaN peak and the LGO peak are different 
for different thicknesses, indicating that the strains are different. When the film is 1 µm, 
the film is relaxed, as evidenced by the peak separation consistent with bulk GaN and 
bulk LGO. Because of the small lattice mismatch between LGO and GaN, the FWHM is 
~60 arcsec along (002) direction for the 1 µm sample, with ~180 arcsec for the (104) 



















GaN growth: a relatively thick film can be grown before relaxation, allowing elastically 
strained GaN to be investigated. 
 
Figure 4.3. X-ray Rocking curves of GaN grown on LGO with different thicknesses.  
 
One method for determining the overall strain in a layer is to measure in-plane (a) 
and perpendicular (c) lattice constants via a reciprocal space map (RSM) [5]. A 
two-dimensional map of the diffraction intensity at each lattice point is obtained from a 
series of coupled ω-2θ scans at incrementally increasing values of ω. The lattice 
constants for a Bragg reflection (h k l) are calculated using the following relationship: 
where Qx, is the in-plane component of reciprocal lattice vector, Qy is the vertical 
component of reciprocal lattice vector, λ is the wavelength of x-ray, which is 1.5406Å in 
































 (h k l) = (1 0 3, 1 0 4, 1 0 5)        
 
(4.1) 
 (hkl)= (0 0 2, 0 0 4, 0 0 6)  
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the present case. Reflections from {1 0
−
15} and {0 0 0 2) family planes were used due to 
their strong intensity. However, Equation. 4.1 is useful for the symmetric hexagonal 
structure only.  
The (001) plane of LGO possesses a quasi-hexagonal structure with slight 
asymmetry in bond-angle and atomic distance from a perfect hexagonal structure. The 
strains between the GaN film and the substrate create asymmetry in the GaN atomic 
displacements. Thus, the peak positions in the RSM obtained from reflection of each 
member of {10
−
15} family plane are not the same. Accordingly, the asymmetric strain 
that is present in the GaN film grown on LGO can be expressed by looking at the GaN 
peak position dependence on each reflection from the {10
−
15} family plane. As shown in 
Figure 4.4, an in-plane vector, v, was determined from the x-ray measurement along 
{10
−
15} direction, using this equation:  
 
The strained GaN structure is half symmetric, resulting in two vectors that are the 
same, indicated by v-2, and four vectors that are the same, indicated by v-4. The angles 
between the vectors, ϕ, is not 600. Equation (4.1) is for the hexagonal structure and is 
thus not strictly suitable for calculating in-plane lattice constants in the present case. 
Since the angles between the vectors experimentally determined from our experiments 
are different from 600 by less than 1 degree, the error associated with this deviation from 
the ideal case is statistically insignificant. Thus, the lattice constants could be calculated 








Finally, using the procedure outlined in the appendix, the two-fold symmetric in-plane 
lattice constants of GaN, labeled a-2, and four-fold symmetric lattice constants, a-4, were 
calculated. It is noted that lattice vectors v-2 and v-4 are measured quantities whereas 
lattice constants a-2 and a-4 are calculated quantities dependent on the measured lattice 
vectors v-2 and v-4. Lattice constants a-2 are related to the strain within GaN along the b 
direction of the LGO. Vectors v-2 are related to the strain along the direction of a-axis. 








Figure 4.4. Schematic showing definitions of lattice vector and lattice constants of GaN, in which ϕ 
indicates the angle between the two vectors, which is not 600 in an asymmetric structure. 
 
The resultant asymmetric strain in GaN is due to both lattice mismatch and 
thermal expansion. The lattice constants of GaN and LGO from recent published papers 
are listed in Table 4.1 [6,7]. The average coefficients of thermal expansion (CTE) of GaN 
and LGO from growth temperature to room temperature are listed in Table 4.2. The strain 
in the GaN layer caused by the difference in thermal expansion between the substrate and 


















where αLGO and αGaN are the CTE of LGO and GaN, shown in Table 4.2. From this 
equation, we obtain the thermal strain:  εa = 0.5%, εb = 0.9%, εc = 0.51%. 
 
 






 a (Å) b (Å) c (Å) a (Å) 
2acos300 
(Å) 2a (Å) c (Å) 
RT (298K) 5.407 6.379 5.011 3.1880 5.521 6.376 5.186 














4.2 Asymmetric Strain in Elastic Strained and Plastically Deformed 













       α (10-6/K)   
 
Material 
)()( RTGTGaNLGO TT −×−= ααε
52 
The calculations of lattice constants of the GaN films are plotted in Figure 4.7 as a 
function of thickness. In all data, the values of fully strained and fully relaxed GaN at 
room temperature is also shown taking into account the CTE effect on lattice constants. 
When the GaN film is fully strained at room temperature, the lattice constants should be 
equal to that of LGO. When the GaN film is fully relaxed, the lattice constants are 3.188 
Å [6]. However, a film fully relaxed at the growth temperature is strained due to the 
thermal mismatch strain. The fully relaxed lattice constant is thus calculated from the 
fully relaxed value of GaN and LGO at the growth temperature modified by the thermal 
strain, by a=a0-as×ε where a0 is the lattice constant of GaN, as is the lattice constant of the 
substrate, and ε is the CTE. Therefore, after cooling to room temperature, the fully 
relaxed lattice constant of GaN would be a-2GaN = 3.1615 Å, a-4GaN = 3.1702 Å.  
The resulting lattice constants depend slightly on which Bragg peaks are used in 
the calculation as well as on the accuracy of the experiment, which is determined to be 
less than 0.4%. The 4-fold symmetric and 2-fold symmetric lattice constants are not 
exactly the same, resulting in an experimental error less than 0.3%. Finally, as indicated 
in the Appendix, our calculation neglects an error in the angle variation (less than a 
degree) resulting in an error less than 0.15%.  Thus, the overall error in the measurement 
of the lattice constants was determined to be less than 0.85%. The thicker films have 
lower errors.  
In setting up the experiment, the LGO {1 0
−
15} peak was also scanned to confirm 
the identity of the GaN peak, which is usually about 30 (2ω) away from the GaN peak as 
was previously determined [9]. Figure 4.5 shows the reciprocal maps of 15nm GaN along 
the direction of v-2 (left) and v-4 (right). It has been found that the relative peak positions 
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of GaN to LGO were different along different directions. Along the direction of v-2, the 
GaN peak is on the left side of the LGO peak, indicating a tensile strain existed. Along 
the direction of v-4, GaN is on the right side, indicating a compressive strain. 
Figure 4.6 shows the average peak positions in reciprocal maps for vectors v-2 and 











































Figure 4.6 {1 0
−
15} reciprocal lattice points of LGO and unstrained GaN are marked  with ◆, and 




From the relative peak position of GaN to LGO, we could identify the peaks and 
determine v-2 and v-4. Also shown are the measured peaks for all samples. The QX value 
of all the epitaxial GaN films are larger than those of unstrained GaN, it is noted that both 
v-2 and v-4 are smaller than that of fully relaxed GaN, indicating that there exists residual 
compressive strain in all GaN films along both the a-axis and b-axis of LGO. The QY 






















and smaller than that of unstrained ideal GaN, implying that the perpendicular lattice 
parameter c of GaN is independent of rotational position and larger than that of 
unstrained GaN owing to the tensile expansion in the c-axis direction due to the 
compressive in-plane strain.  
The calculations of lattice constants of the GaN films are plotted in Figure 4.7 as a 
function of thickness. In all data, the values of fully strained and fully relaxed GaN at 
room temperature is also shown taking into account the CTE effect on lattice constants. 
When the GaN film is fully strained at room temperature, the lattice constants should be 
equal to that of LGO. When the GaN film is fully relaxed, the lattice constants are 3.188 
Å [6]. However, a film fully relaxed at the growth temperature is strained due to the 
thermal mismatch strain. The fully relaxed lattice constant is thus calculated from the 
fully relaxed value of GaN and LGO at the growth temperature modified by the thermal 
strain, by a=a0-as×ε where a0 is the lattice constant of GaN, as is the lattice constant of the 
substrate, and ε is the CTE. Therefore, after cooling down to room temperature, the fully 
relaxed lattice constant of GaN would be a-2GaN = 3.1615 Å, a-4GaN = 3.1702 Å.  
From Figure 4.7 (a), the in-plane lattice constant a-2,GaN is close to the strained 
value of GaN when the film thickness is less than 15nm. The lattice constant decreased 
with increasing film thickness as expected. Furthermore, when the film thickness is 1 µm, 
the lattice constant is close to the relaxed value, which indicates that the film is almost 
fully relaxed at this thickness. From Figure 4.7 (b), the other in-plane lattice constant, 
a-4,GaN, increased with increasing the film thickness. When the film is thin, a-4,GaN is closed 
to the fully strained value of 3.1702 Å. However, it is close to the relaxed value when the 
film thickness is 1µm.  
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Relaxed value considering TE 
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When the film is strained, the lattices along the b-axis are extended and the lattice 
along the a-axis is compressed (see Figure 2.2), causing different changes of lattice 
constants along two different directions. Thus, when film is relaxed, the lattice constant 
a-2 is shorter compared with the strained lattice constant a-2; the lattice constant a-4 is 
longer compared with the strained lattice constant a-4. 
Figure 4.8 shows the out-plane lattice constant c decreases with increasing the 
film thickness toward the relaxed value, as expected.  





















Figure 4.8 Lattice constant c versus film thickness. 
 
The filled circle in Figure 4.7 (a) and (b) is the thickness/lattice constant of the 
sample where growth was halted when the RHEED pattern transitioned from a  streaky, 
two-dimensional growth mode pattern at the beginning of the growth to a spotty pattern, 
indicating that the growth became three dimensional, as shown in Figure 4.9. The growth 
was terminated when the RHEED pattern became spotty. X-ray measurements indicated 
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that the film has partially relaxed with a thickness of ~20 nm.  This relaxation behavior 
is similar to that observed for GaAs, indicating that strain plays a key role in the surface 
morphology of the initial GaN nuclei. Additionally, it is noted that the GaN grown under 
extremely N-rich conditions is normally highly faceted on other highly mismatched 
substrates resulting in a very spotty RHEED image. Contrarily, GaN elastically grown 
N-rich on LGO shows a smooth RHEED pattern, indicating a significantly different 
growth mode for elastically strained material (before relaxation occurs) verses plastically 
deformed material (after relaxation). Additionally, a very weak 2x2 reconstruction is 
observed in the elastic regime even for extremely N-rich growth conditions. Clearly the 
elastically grown GaN has significantly different growth kinetics than its 
plastically-deformed counterpart.   
 
 
    
 
  (a)         (b) 
 
Figure 4.9. RHEED pattern of GaN on LGO, (a) at the beginning of the growth, (b) when the film 
thickness is 20nm. 
 
 
In thermodynamic equilibrium, misfit dislocations appear at the interface of 
strained layer heterostructures, when the strained layer is thick enough that it is 
energetically favorable for the mismatch to be accommodated by a combination of elastic 
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strain and interfacial misfit dislocations, rather than by elastic strain alone. Therefore, 
when the film is below the critical thickness, GaN is expected to grow pseudomorphically 
on LGO. Above the critical thickness, the strain begins to relax by spontaneous creation 
of dislocations at the GaN/LGO interface. Subsequently, the lattice constant begins to 
approach the bulk value as the thickness of GaN increases further.  
There have been many papers that define and determine critical thickness [2, 
10-12]; however, most of them are based on a symmetric substrate. If we assume the 
difference resulting from the asymmetric structure is small in comparison to a symmetric 
structure, we can use the equations that relate lattice constant and critical thickness. A 
functional form based on Van der Merwe’s equilibrium theory is given by[1]: 
)( 00 aah
haa LGOcGaN −+=  
where a0 is the lattice constant of unstrained GaN considering the thermal strain, h is the 
thickness of the film, and hc is the critical thickness. Therefore, hc could be obtained from 
this function and a fit of data given as the solid line through the data points in Figure 4.7 
(a) and (b). The critical thickness derived from such a fit results in hc = 93 ± 10Å.  All 
data for the fit are within the calculated error for this experiment. 
Another simple equation which expresses the relation of hc with lattice constant 






















                         
where δ is the angle between the Burgers vector and the direction in the interface, which 




be 3.084Å from reference [12]. The theoretical critical thickness of GaN based on 
equation 6 is 102 Å for a-4,GaN, which is in agreement with our result.  
  Figure 4.10 shows the volume of GaN crystal calculated from our lattice constant at 
different thicknesses. The volume of a solid is constant independent of the applied stress. 
Considering the error, the calculated volumes are within a reasonable range. This 
supports the assertion that our measurements and calculations are consistent.  



















Figure 4.10. Volume of GaN crystal calculated from the lattice constants. 
 
Kim et al. have reported the critical thickness of GaN on AlN/sapphire [1]. The 
lattice mismatch between GaN and AlN is about 2.43%, which is larger than the lattice 
mismatch between GaN and LGO. The critical thickness of GaN on AlN is ~30 Å, 
thinner than that of GaN on LGO, as would be expected.  




          ε a-axis = (v-2, unstrained – v-2) / v-2, unstrained       (4.7) 
          ε b-axis = (a-2, unstrained – a-2) / a-2, unstrained                 (4.8) 
          ε c-axis = (cunstrained  – c) / cunstrained                     (4.9) 
 
where ε a-axis and ε b-axis are the in-plane strain in GaN along the a-axis and b-axis of LGO, 
and ε c-axis is the strain in GaN along the c-axis of LGO. Figure 4.8 shows that the strain 
along the a-axis is compressive and is decreased with increasing film thickness. When 
film thickness is 1µm, the film is relaxed and the thermal strain dominates. Along the 
b-axis, the compressive strains increased with increasing film thickness. Along the c-axis, 
the strains are tensile, as is expected from a net biaxial compressive strain in plane.  
Poisson’s ratios were calculated using the relation of the strains along c- and 
a-axis [13]: 
              ε c-axis / ε a-axis = -2υ /(1−υ )                                    (4.10) 
 
Along the a-axis, υa is in the range of 0.2-0.35. Along the b-axis, υb is in the range of 
0.16-0.5. These calculated values of Poisson’s ratio are comparable with values reported 
in other publications [14, 15]. 
Finally, a 1µm GaN film with a 16nm buffer layer was grown on LGO. The 
lattice constants were measured as a-2 =3.1715Å, a-4=3.1804Å, which is different and 
higher than those of the 1µm GaN grown without the buffer. This indicates that a buffer 







4.3 The Dislocation Density Derived from X-ray Analysis 
 
 
The mosaic structure of the epilayers is determined by the size and the angular 
distribution of the mosaic blocks. A set of four parameters would reflect the mosaic 
structure: lateral coherence length, vertical coherence length, twist, and tilt. The tilt and 
twist describe the angular distribution of the crystallographic orientation of the mosaic 
blocks perpendicular to and within the growth plane. The lateral and vertical coherence 
length determine the mosaic block size. The coherence lengths and the twist and tilt angle 
are correlated with different kinds of dislocations. For GaN grown on c-plane sapphire, 
two major kinds of threading dislocations are observed: screw dislocation with Burgers 
vector bc=<0001>, and edge dislocation with Burgers vector ba=1/3<11 2 0> [16].  
Using a triple-axis diffractometer for the measurements, the broadening of the 
rocking curve (angular scan or ω-scan) is influenced only by the tilt (out-of-plane 
misorientation) and the small correlation length parallel to the substrate surface in 
symmetric reflections 0002, 0004, and 0006 of GaN grown on c-plane sapphire. Wafer 
bendings or heterogeneous strains do not influence the peak broadening owing to the 
small acceptance angle of the detector. As the broadening in reciprocal space due to tilted 
crystallites is proportional to the scattering order and the broadening in reciprocal space 
due to a small correlation length is independent of the scattering vector, a graphical 
separation of these two effects is possible by recording higher order reflections. If a linear 
supposition of both effects is assumed, a separation analogous to the Williamson-Hall 
plot can be performed. When βω(sinθ)/λ is plotted against (sinθ)/λ for each reflection and 
fitted by a straight line, βΩ is the integral width of the measured profile, λ is the X-ray 
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wavelength, and 2θ is the scattering angle [17]. From the y-intersection y0 of the fitted 





L =          (4.11) 
The slope is a direct measure of the tilt angle αω.  
If one assumes that both screw dislocations (bc=[0001]) are related to an 
edge-type misfit dislocation in the interface with the same Burgers vector that leads to a 
corresponding tilt of single crystallites, the density of these screw dislocations N[0001] can 





N ωα=         (4.12) 
where bc is the Burgers vector of the c-type threading dislocation (|bc|=0.5185nm). 
In the radial-scan direction (ω-2θ scan) of the symmetric reflections 0002, 0004, 
0006, a small correlation length normal to the substrate surface and a heterogeneous 
strain along the c-axis causes a broadening of the Bragg reflections. Again these two 
effects can be separated owing to either their different dependency on the diffraction 
vector. In the Williamson-Hall plot, βω(cosθ)/b is plotted against (sinθ)/λ for each 
reflection and fitted by a straight line. From the y-intersection y0, the correlation length 







        (4.13) 
The strain ε⊥ is obtained directly from the slope of the line, which is 4ε⊥.  
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a-Type threading dislocations (ba=1/3<11 2 0>) mediate an azimuthal rotation of 
crystallites around the surface normal. This twist angle αφ can be measured by 
performing φ-scans on asymmetric reflections (surface normal and diffraction vector are 
not parallel), where the sample is rotated with respect to the surface normal. When the 
broadening due to small correlation length L‖ can be neglected, the measured broadening 
βφ of the φ-scans is equal to αφ. If dislocations are piled up in small angle grain 






φα=        (4.14) 
which describes the formation of subgrains with an average size L‖, where bE is the 
Burgers vector of the edge dislocations. (In our case |bE|=|ba|=0.3189nm).  
We measured these two kinds of dislocations for the GaN grown on c-plane LGO. 
The ω-scan and φ-scan were performed on the samples grown on LGO, the screw and 
edge dislocation densities were calculated, and confirmed with the etch pit density 
measurement. It has been found that the error caused by the alignment of the machine, 
the scan method, and the estimation on the integral width can be very large, but if all of 
the materials are measured under the same conditions, the data is reasonable and 
comparable.  
Shown in Figure 4.11 are the Williamson-Hall plots for the samples grown 
directly on LGO, with thicknesses of 5nm (N900), 10nm (N898), 15nm (N897), 50nm 
(N05), and 1µm (N901). From this plot, the tilts for these samples were estimated to be 
409, 1416, 810, 474, and 160 arcsec, respectively. This translates to screw dislocation 
65 
densities of 3.38×108/cm2, 1.65×1010/cm2, 4.03×109/cm2, 1.30×109/cm2, and 
5.50×107/cm2, respectively. The corresponding coherence lengths for these samples are 
estimated to be 2.432µm, 0.0715µm, 0.126µm, 0.215µm, 0.687µm. When the film 
thickness is 10nm, around the critical thickness, the dislocation density becomes larger 
than the 5-nm thick film, for the reason that the defects are introduced to release the 
strain. After that, the screw dislocation density decreased with increasing film thickness 
and the coherence length increased. These data are consistent with our assertation that the 
critical thickness for GaN grown on LGO is around 10nm. The dislocation density of the 
1µm sample significantly decreased. One reason is that the film is relaxed; another reason 
is that this thick sample was grown under Ga-rich conditions with lower dislocation 
densities generated than the thin samples grown under N-rich condition. 
 
 




















Figure 4.12 shows the Williamson-hall plot of the film with a thickness of 1 µm, 
grown without (N901) and with buffer (N999). Here, the buffer means an N-rich GaN 
layer of 16nm, inserted between the bulk and substrate. For N999, the tilt angle decreased 
to 30 arcsec, and the dislocation density is as low as 1.6×106/cm2, and the coherence 
length increased to 3.393 µm. It clearly demonstrates that the GaN layer grown on LGO 
without the buffer has a high mosaicity. The buffer filters the threading dislocations and 
enhances the lateral coalescence, thereby enlarging the grain size. The data also proves 
that LGO is a suitable substrate for GaN because of the low dislocation density, which is 
two degrees lower than GaN grown on sapphire.  
 
 
Figure 4.12. Williamson-Hall plots of the 1µm GaN films grown with and without buffer.  
 
 
To estimate the twist angle and edge dislocation density, asymmetric (10 1 5) φ 
scans were preformed. The φ scan of 15 nm GaN is shown in Figure 4.13. It clearly 

















The widths of the φ scans (αφ) were used to calculated the edge dislocation density 
according to Eqn.4.14. The highest peak was used to measure the width, for the reason of 
machine alignment.  
The twist angles from the φ scans for the films with the thickness from 5 nm, 10 
nm, 15nm, 50nm, and 1µm were 60, 5.30, 3.20, 2.50, and 1.50, respectively. The edge 
dislocation densities were 6.43×109/cm2, 1.88×1011/cm2, 6.63×1010 /cm2, 3.03×1010 /cm2, 
and 7.55×109/cm2. The edge dislocation density was one or two orders higher than the 
screw dislocation density and possessed the same trend of the screw dislocation density 
with changing the film thickness. When the film thickness is below the critical thickness, 
the edge dislocation is relatively small. Beyond the critical thickness, the dislocation 
density decreased with film thickness increasing. For the film with buffer, the twist angle 
was 0.130, and the edge dislocation density was 9.68×107/cm2. The dislocation density 
could be measured by etching. However, this method is not suitable to extra thin films, 
which can not stand the etching. The 1µm samples with and without buffer were then 
etched in phosphoric acid at 160 0C for 30 seconds, and characterized by AFM. The 
etched surface morphology of samples are shown in Figure 4.14. The etch pit density of 
the sample without buffer is approximately 4 ×108/cm2, and the one of the sample with 
buffer is approximately 2.5×107/cm2. The measured decrease in etch pit density after 
insertion of a buffer is in good agreement with that estimated from Williamson-Hall 





Figure 4.13. (10 1 5) φ scan of 15 nm GaN. 
                                               
(a) (b) 
 
Figure 4.14 AFM images of etched surfaces (a) 1 µm sample grown without buffer, (b) 1 µm sample 
grown with buffer. 
 
 
TABLE 4.3 Analysis summaries of XRD measurements for samples with different thickness. 
 
Sample 





L‖ (µm) 2.432 0.0715 0.126 0.215 0.687 3.393 
Ns (cm-2) 3.38×108 1.65×1010 4.03×109 1.30×109 5.50×107 1.80×106 
NE (cm-2) 6.43×109 1.88×1011 6.63×1010 3.03×1010 2.55×109 9.68 ×107 
tilt angle 
(arcsecond) 409 1416 810 474 160 30 
twist angle 
(degree) 6 5.2 3.2 2.5 1.5 0.13 
etch pits 
(cm-2) x x x x 4×108 2.5 ×107 
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In summary, x-ray diffraction was used to measure the lattice constant of GaN 
grown on LGO by MBE. Because of the asymmetric structure of the substrate, the lattice 
constants of GaN are asymmetric. The growth kinetics of elastically strained GaN are 
found to be significantly different from that of plastically deformed GaN as determined by 
RHEED analysis. The critical thickness was measured to be ~93Å, which is close to the 
predicted critical thickness 102 Å. We also studied the dislocation density by XRD 
measurement. It was found that when the film thickness was below 10nm, the dislocation 
density was small, which increased two degree order higher when the film thickness was 
10nm. The change in dislocation density supports our conclusion that the critical 
thickness is approximately 10 nm. When the film thickness was above 10nm, the 
dislocation densities decrease with increasing film thickness. We also found that GaN 
buffer provides a better template for lower dislocation density growth. Comparing to the 
other substrates, the smaller lattice mismatch of LGO relative to GaN resulting lower 
dislocation density demonstrates that LGO is an excellent substrate for GaN growth, and 
due to the comparatively large critical thickness, the use of lithium gallate substrates 









4.4 Appdendix  
Figure 4a.1Half of the distored GaN crystal structure. 
 
The crystal structure of asymmetric GaN is shown in Figure 2.2 To simplify the 
explaination of calculation, only half of the crystal structure is drawn in Figure 4a.1, in 
which AC and EG are the lattices a-4, CE is the lattice a-2, OB and OF are the vectors V-4, 
and OD is the vector v-2.  
We assume all the vectors are perpendicular to the lattices, though the vectors are 
not exactly perpendicular. The difference from 900 is less than 10, thus the error is less 
than 0.15%. Since this is a half-symmetric structure, it is obvious that AG=2CE and 
AO=CE. 
In the triangle of AOD :   γ=900- (α+β)          .(4a.1) 
In the triangle of AOB:    η=900-γ= α+β                          .(4a.2),  
Thus , 2tan-1 η= tan (α+β)                                        (4a.3) 






















Also cosη=0.5a-2/a-4,                                            (4a.5)  
In the triangle OCD, tan α=a-2/2v2                                  (4a.6) 
From Equations (4a.4) and (4a.5): tanη= a-2/2v2                                  (4a.7) 
Combine Equation (4a.7) with (4a.6), tanη= tan α                     (4a.8) 
combine Equation (4a.8) with (4a.3), tan (α+β)=2tan-1 α               (4a.9) 
Because the triangles OBC and ODC share the same side OC, v-2/cosα=v-4/cosβ, 
or cosα/cosβ = v-2/ v-4                                                                        (4a.10)  
From Equation.(4a.9) and (4a.10), the angle of α and β could be calculated. 
Then from Equation. (4a.6): a-2=2v-2 tan α                          (4a.11) 
And in the triangle AOC, a-4=v-4(tanβ+tanγ)                         (4a.12) 
Finally the values of lattice constants a-2 and a-4  can be calculated from the 
vectors that were directly measured from x-ray, and the angles that are calculated based 
on the above equations .  
Drawing software was used to testify this mathematical model. By setting the 
values of the vectors that are obtained from the x-ray measurements, a distorted GaN 
crystal structure was drawn, and the length of each side could be obtained from this 
drawing software.  
For example, from measurement of a 5 nm sample, the two vectors 
v-2=0.26980nm, and v-4=0.27446 nm. Using the above equations, the lattice constants are 
calculated as a-2= 0.31876 nm, and a-4=0. 31336 nm  
The structure was drawn with the value of v-2 and v-4, as shown in Figure 4a.2. 
The length of each side given by the software is in good agreement with our calculation. 
Our calculation is proved to be correct. 
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Figure 4a.2 A drawing of the GaN distorted crystal structure from software. 
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C H A P T E R  5  
THE MICROSTRUCTURE AND DISLOCATION DENSITIES OF 
GAN GROWN WITH SUPERLATTICE BUFFERS 
 
As discussed in Chapter 3, it has been found that AlGaN/GaN superlattices (SL) 
can filter impurity diffusion from the LGO substrate. An outstanding research question is 
what Al composition in SL would mostly relieve the strain and decelerate the dislocation 
density in the resultant GaN films. 
 
5.1 Strain Simulation 
 
The lattice constants of GaN and LGO at room temperature and growth 
temperature are shown in Table 4.2. The in-plane lattice constant of AlN is 3.112nm [1]. 
The lattice constants of AlxGa1-xN were calculated on the basis of the lattice constants of 
GaN and AlN and their composition. It has found that at room temperature the average 
strains of Al0.44Ga0.56N to LGO are almost the same as the negative of the strains of GaN 
to LGO. The total strains are therefore balanced, and the “frozen-in” defects caused by 
thermal expansion differences are minimized. At growth temperature, Al0.12Ga0.88N is 
strain balanced with GaN grown on LGO, and the defects formed during growth are 
minimized. The lattice constants of Al0.12Ga0.88N, Al0.44Ga0.56N, GaN and LGO listed in 
Table 5.1 are converted to aLGO and bLGO directions for comparison.  
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TABLE 5.1 Lattice constants of AlxGa1-xN at room and growth temperature [1-3]. 
 
Al0.12Ga0.88N Al0.44Ga0.56N LGO GaN  
 a (Å) b (Å) a (Å) b (Å) a (Å) b (Å) a (Å)  
RT  
(298K) 5.494 6.299 5.5445 6.291 5.407 6.379 5.521 6.376 
GT 
(900K) 5.522 6.356 5.470 6.317 5.451 6.455 5.538 6.395 
 
 
To find out the effect of Al composition in the superlattices, three groups of 
samples were grown with different superlattices. Usually, a buffer layer was first grown. 
The thickness of the buffer was 16 nm, larger than the critical thickness of GaN, as 
calculated in Chapter 4. A 5-period GaN/AlGaN SL follows. The total thickness of SL 
was approximately 16nm. The first group has Al0.12Ga0.88N in SL, the second group has 
Al0.28Ga0.72N, and the third group has Al0.44Ga0.56N. Finally a bulk GaN film was grown 
on the top, with thicknesses from 5 nm, 10 nm, 15 nm, 50 nm, to 1 µm. The material 
structure is shown in Figure 5.1.  
In the last section, the strains and lattice constants were calculated from the x-ray 
symmetric and asymmetric scan by determining the GaN peak’s position. However, the 
strains are complicated with SL grown, as shown in Figure 5.1. The total strains include 
the strains between the buffer and substrate, between SL and the buffer, and between bulk 
GaN and SL. The rocking curves of the films with 10nm GaN grown on SL are shown in 
Figure 5.2. With different Al composition in SL, the GaN peak positions are different. 
But since the GaN peak position reflects both the total strain and the change in Al 
composition, the strain change inside bulk could not be read from x-ray scan directly.  
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Figure 5.2 The 2θ-ω scan of 10nm GaN grown with superlattices. 
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To find out the individual strains, simulations on the rocking curves were 
performed. During simulations, the lattice constants listed in Table 5.1 were used in the 
substrate and layer’s model. Since the symmetric (002) scan is only related with the 
perpendicular lattice constant, the in-plane directions of the crystal were not considered 
in the simulation. The strain was calculated as  
ε=(a*-as)/as                 (5.1) 
where a* is the distorted lattice constants of the layer, and as is the unstrained lattice 
constant of the layer beneath.  
The samples discussed in the last chapter were first simulated to test the reliability 
of the software. The error of the strains was ~2%, caused by both the calculation method 
of the software and the fitting method of the user. Though the values are not accurate, the 
trend of the strain’s change was correct. Thus, the simulation could help us to obtain the 
information of how the strains changed when SL was inserted between the bulk film and 
substrate.  
The simulation for the 10nm GaN on Al0.12Ga0.88N is shown in Figure 5.3 (a). The 
simulated curve is below the original rocking curve. From simulation, the strain of the 
buffer was determined to be -1.03%, the strain of AlGaN in SL was -0.77%, the strain of 
GaN in SL was -1.10%, and the stain of the bulk GaN layer was -0.45%. It has been 
found that the strain of the buffer affected the GaN peak position of the rocking curve the 
most, while the strain of the top GaN layer affects it less. As shown in Figure. 5.3 (b), 
when the buffer strain changes 50% relative to the one in (a), the simulated GaN peak 
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shifted, compared to the simulation in (a). In Figure 5.3(c), the stain of the top layer 
changes 50% relative to the one in (a), the shift of simulated GaN peak is not significant, 
but the shape of the fringes changed. The change in simulated GaN peak position proved 
that the GaN peak in the original rocking curve represents the strains of the buffer layer 
rather than the strains of the bulk layer, because the thickness of the buffer is larger than 
the bulk layer. Therefore, the conventional way to analyze strains is not suitable in this 
chapter. The strain analysis must depend on the simulation.  
 
 





Figure 5.3 (a) The simulated and original curve of 10nmGaN with Al0.12Ga0.88N SL, and the strained 
obtained from simulation; (b) the simulation when the strains in the buffer changed 50%; (c) 
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The simulations of 10 nm GaN grown with the other two SL are shown in Figure 
5.4. When the epitaxy film thickness was thicker than the buffer, the GaN peak position 
was affected by the strains of the bulk layer more than by the strain within buffer layer. 
The simulation of the 1 µm films are shown in Figure 5.5. The strains of all the films are 
listed in Table 5.2.  
 
 
        (a)  
 
        (b) 
 
Figure 5.4 Original curves (upper one) and simulation of 10nm GaN grown with (a) Al0.28Ga0.72N 






Figure 5.5 Original curve (upper) and simulation of the 1µm GaN grown with SL. 
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TABLE 5.2 Summary of the strains obtained from simulation. 
Thickness 









1000 0.12 0.4807 -0.2907 0.4807 0.52 
1000 0.28 0.4210 0.2672 0.4339 0.50 
1000 0.44 0.4791 0.6234 0.4632 0.40 
      
50 0.12 0.5807 -0.2616 0.6069 0.57 
50 0.28 0.6523 0.3000 0.7077 0.62 
50 0.44 0.7694 0.3122 0.7878 0.70 
      
15 0.12 0.6533 -0.3780 0.6945 0.36 
15 0.28 0.6645 -0.2156 0.7460 0.19 
15 0.44 0.6823 0.4038 0.6936 0. 60 
      
10 0.12 0.6242 -0.3471 0.6611 0. 25 
10 0.28 0.6097 -0.1624 0.6166 0. 26 
10 0.44 0.7839 0.2970 0.8035 0.18 
      
5 0.12 0.5516 -0.2485 0.5117 0. 08 
5 0.28 0.6533 0.0230 0.7083 0. 46 
5 0.44 0.8420 0.2314 0.8794 0. 21 
 
 
5.2 Strain Analysis 
It was noted in 1995 by Huang, FY and Wang, KL that the strain can be 
transferred between two epitaxial thin films with different lattice constants [4]. It was 
demonstrated that a bulk film grown on top of a thin buffer layer may release the strain to 
the buffer layer, leaving the bulk film dislocation free. A strain transfer model set up by 
them could explain the strains’ change in our samples grown with SL.  
When one of the thin films (with a stress-free lattice constant of a2 and a film 
thickness of h2) is grown on top of the other (with a relaxed lattice constant of a1 and a 













=             (5.2) 
where b is the magnitude of Burgers vector. Thus, elastic strains ε1 and ε2 for the thin 





























                (5.3) 
It can be seen that the elastic strains are related with both the film thickness and 
lattice constants. A decrease in h1 will lead to an increase of strain in the first film and a 
decrease in the second. With a small thickness of the first film, the strain may be 
transfered from the second grown film to the first film as the epitaxial growth proceeds, 
leaving the second film dislocation free. To enable the strain transfer, the thickness of the 
second film has to be kept below the critical thickness. An increase in h2 will result in an 
increase of strain in the first film and decrease of strain in the second film.  
Once the bulk film exceeds the critical thickness hc2, dislocations may be 
generated. However, this critical thickness is different from the conventional critical 
thickness as determined by the lattice mismatch between the film and the substrate. When 
the critical thickness of the epitaxy film and buffer layer are larger than the corresponding 
film thickness, both films are both strained without dislocation,. Then besides the lattice 
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where α is the angle between the dislocation line and the Burgers vector, γ is the angle 
between the Burgers vector and the direction normal to the surface, ν is the Poisson’s 








= . If the first film is a semi-infinite substrate and h1 is infinite, this 
equation is as the same as Equation. 4.6. According to this equation, hc2 increase as h1 
decreases and h2 increases. For a sufficiently small h1, hc2 may become large enough that 
hc2 can be kept larger than hc2 for possible strain transfer. 
Huang and Wang did not give out how the critical thickness of buffer changes 
with the bulk film thickness. But from the above equations, an expression similar to Eqn 






























          (5.5) 
The critical thickness of the buffer layer decreases as the bulk layer thickness increases. 
The diagram of the critical thickness for the bulk film versus its film thickness in 
a Si0.9Ge0.1 alloy is shown in Figure 5.6 [4]. 
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Figure 5.6. Diagram of the critical thickness hc2 of the bulk film versus the bulk film thickness h2 for 
Si0.9Ge0.1 with different Si buffer thicknesses [4]. 
 
 
It can be seen that the critical thickness of the bulk film (indicated as epifilm in 
Figure 5.6) increases as the buffer layer thickness decreases and the bulk layer thickness 
increases, and Equations 5.3 and 5.4 are valid. The conventional critical thickness with a 
semi-infinite substrate is given by the condition that the bulk film has a small layer 
thickness and the buffer layer has a large thickness. In the diagram, the area defined by 
hc2 larger than h2, indicates the bulk film is dislocation free and strained whether the 
buffer is strained or relaxed. The area defined by hc2 less than h2 indicates that the bulk 
film has a larger thickness than the critical thickness; however, whether it is strained or 
relaxed will be determined by the thickness of the buffer layer compared with its own 
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critical thickness hc1. For a buffer layer whose thickness is less than hc1, the bulk film 
reaches its critical thickness while the buffer layer is still strained; therefore, the bulk film 
will generate misfit dislocations and relax. It is then possible to grow thick and relaxed 
bulk film on top of a buffer layer whose thickness is less than hc1. On the other hand, for a 
buffer whose thickness is larger than hc1, the buffer will first reach its critical thickness 
and starts to relax. As a result, the buffer layer will generate misfit dislocations, leaving 
the bulk film dislocation free and strained. 
From the above description, the bulk’s strain is not only related with its thickness 
and critical thickness, but also with the critical thickness of the buffer. If the thicknesses 
of the buffer (h1) and bulk (h2) are less than their critical thickness (hc1, hc2), both films 
are strained and have the same lattice constants. Therefore, their strains’ changes are the 
same. If h1 is larger than hc1, the buffer is relaxed and generated dislocations and the bulk 
will have fewer dislocations. The strains are also dependent on the film thicknesses, the 
thicker one usually determines the strain change of the thinner one. 
The strain of multiple-layer structures would be more complicated than that of 
two-layer model. If we take the buffer and superlattice layer as film 1, and the bulk GaN 
film as film 2, the two-layer model can be used to analyze our data. The shortcoming of 
Huang’s discussion is that he did not consider the effect of the substrate when both buffer 
and bulk are grown. He simply assumed that the substrate can be looked as a buffer with 
infinite large thickness. Knowing the truth of buffer’s effects, we can try to explain our 
data. 
Since the strains of the bulk and buffer are related with each other, they are drawn 
in the same diagram, as shown in Figure 5.7-5.9. The strain of the buffer was actually the 
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sum of the strains of buffer and all SL layers. Each group of samples will be explained 
individually.  
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       h1<hc1     h1>hc1
         h2<hc2     h2>hc2
 
Figure 5.7 For GaN with Al0.12GaN SL, the absolute value of the strains of the bulk (bottom) and the 
strain of the buffer versus the bulk GaN thickness.  
 
For the group with Al0.12GaN SL, the stains’ change of the buffer and bulk against 
the thickness of the bulk layer are shown in Figure 5.7. GaN bulk film was more relaxed 
with smaller thickness. It is different from the strains of GaN grown directly on LGO in 
the previous chapter, which relaxed with increasing film thickness. Based on the previous 
discussion, when h2 in the range of 5nm to 15nm, the buffer’s strains increased with 
increasing film thickness; h1 must be less than hc1. If h2 is less than hc2, the bulk is also 
strained. Because h2 is less than h1, the bulk is as strained as the buffer, and its strain 
change is as the same as the buffer’s. When h2 is larger than 15nm, the strain of the buffer 
sharply decreased, indicating that it has reached hc1 and generated dislocations. Around 
this point, if h2 is larger than hc2, the bulk GaN is relaxed. But because of the strain 
transfer and more dislocations generated inside buffer, fewer dislocations are generated in 
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the bulk, then the strains of the bulk increased. With increasing h2, finally, h2 is larger 
than h1, the bulk’s strain change affect the buffer’s instead of being affected. Thus, the 
bulk relaxed with increasing thickness, and the buffer followed bulk’s change in the 
strains. 
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           h1<hc1     h1>hc1
 
         h2>hc2
 
Figure 5.8 For GaN with Al0.28GaN SL, the absolute value of the strains of the bulk (bottom) and the 
strain of the buffer versus the bulk GaN thickness.  
 
For the group with Al0.28GaN, the strains’ changes are shown in Figure 5.8. The 
buffer strain’s change is similar to the previous one: when h2 is less than 15nm, h1 is less 
than hc1; when h2 is larger than 15nm, h1 beyond hc1. But the bulk’s strain change is 
different from the previous one.  
Because the lattice constants in the buffer changed with different Al composition, 
hc2 is also changed. For AlxGa1-xN SL, when x is small, the lattice constant of AlxGa1-xN 
is closed to GaN, hc2 is large. When x is equal to zero, hc is infinite. On the other hand, 
with larger x, hc2 is smaller. Therefore, hc2 of the samples with Al0.28GaN must be smaller 
than the samples with Al0.12GaN. It is reasonable that h2 is always larger than hc2 in GaN 
bulk film with Al0.28GaN SL. It can also be concluded from Figure 5.8, from the strain 
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transfer between the buffer and bulk. When hc2 is less than 50nm, the bulk reached hc2, 
strain transfer happens. It changed in the opposite way of the buffer’s change. Finally, 
when h2 is larger than h1, the bulk is relaxed with large thickness, and the buffer followed 
the bulk’s change. 
 





































Figure 5.9 For GaN with Al0.44GaN SL, the absolute value of the strains of the bulk (bottom) and the 
strain of the buffer versus the bulk GaN thickness.  
 
 
The strains of the samples with Al0.44GaN SL are shown in Figure 5.9. The 
buffer’s change is different from the others. Initially its strain decreased with increasing 
film thickness; h1 must be larger than hc1. Only when h2 is larger than hc2, strain transfer 
happens and the bulk strains’ change is in the opposite direction of the buffer. But 
between 15 nm and 50 nm, the buffer’s strain increased and fell down again. This bump 
probably is caused by the bulk’s change. At that point, h2 is already larger than h1 and 
determines the buffer’s change. If one more sample is grown with the thickness between 
15nm and 50 nm, the strain’s change maybe clearer. After that, the bulk relaxed with 
increasing thickness.  
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If the strains of the three groups’ are all shown in one graph (Figure 5.10), there is 
not big differences among the groups. Thus, it is hard to tell which Al composition is the 
best to relieve the strain. Probably with the extreme thin bulk, the one with Al0.12GaN SL 
would relieve the strain most, and with the thick bulk, the one with Al0.44GaN SL would 
relieve the strain most. It is interesting to find out how the buffer affects the bulk. If the 
research on a simple structure, for example, the GaN film grown on LiGaO2 with only 
one layer of buffer (which has different lattice constants with GaN), could be processed 
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Figure 5.10 Bulk strain of all the films with different SL. 
 
 
5.3 Dislocation Density  
 
 
The dislocations inside the thin bulk films can’t be calculated with the method as 
the same as discussed in Chapter 4, because the information obtained from x-ray 
represents the buffer when the buffer thickness is larger than the bulk. Only the 1 µm 
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samples were measured and calculated. The results are listed in Table 5.3. Comparing the 
films grown with different Al composition in the superlattice, it was found that the film 
grown with the Al0.12Ga0.88N/GaN SL have the least dislocation densities (both screw and 
edge) and longest coherence length. The dislocation of the film with Al0.44Ga0.56N/GaN 
SL is slightly fewer than the one with Al0.12Ga0.88N/GaN SL. The film grown with 
Al0.28Ga0.72N/GaN SL has the dislocation densities as high as twice of the other two 
samples. This proved our assumption at the beginning, because Al0.12Ga0.88N and 
Al0.44Ga0.56N reached the strain balance with GaN at growth temperature and room 
temperature, respectively, the formation of defects are minimized.  
 
 
TABLE 5.3 Dislocation density of the 1 µm samples, with different buffer and SL condition. 
 
Samples N1032 N1034 N1035 N999 N901 
buffer 
condition 12% Al 28% Al 44% Al buffer only 
no 
buffer/SL 
L‖ (µm) 3.486 2.069 3.352 3.393 0.687 
Ns (cm-2) 1.72×106 4.80×106 1.85×106 1.80×106 5.50×107 
NE (cm-2) 8.97×107 3.16×108 1.01×108 9.60×107 2.55×109 
tilt angle 
(arcsecond) 29.2 49 30.3 30 160 
twist angle 
(degree) 0.12 0.251 0.13 0.125 1.5 
etch pits 
(cm-2) 2.2×107 9.5×107 2.3×107 2.8×107 4×108 
 
 
The samples were also etched in phosphorous acid, the AFM images of etched 
surfaces are shown in Figure 5.11. Figure 5.11(a) is the AFM image of the sample with 
Al0.12Ga0.88N SL, the etch pits density is approximately 2.2×107/ cm2. Figure 5.11(b) is 
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the one with Al0.28Ga0.72N SL, its the pit density is approximately 9.5×107/ cm2. The 
difference in pits density is in good agreement with our calculation. 
 
           (a)            (b)    
Figure 5.11. AFM images of 1-µm sample etched in phosphorus acid, (a) with Al0.12Ga0.88NSL, (b) 




These three samples are also compared with the samples mentioned in Chapter 4, 
the 1µm samples with buffer only and without buffer/SL. The dislocation density of the 
one grown with SL is one degree lower than the one grown directly on LGO. But the 
dislocation density of the film grown with the buffer is in the same range as the ones with 
Al0.12Ga0.88N/GaN SL and Al0.44Ga0.56N/GaN SL. Thus, obviously, an insertion of buffer 
decreases dislocations significantly. Insertion of superlattice buffers do not decrease 
dislocation density further. If the Al composition in the superlattices is other than 0.12 or 
0.44, more defects are even introduced into the epitaxy film. 
In summary, an insertion of AlGaN/GaN buffer complicates the strain analysis. 
The simulation of x-ray measurement helps to obtain the strain of each layer. It was 
found that the strains within GaN bulk film is related with the thicknesses and critical 
thicknesses of both bulk and buffer layers. The Al composition does not significantly 
affect the strains, but it is better to be 0.12 and 0.44 than 0.28 for less dislocation density.  
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C H A P T E R  6  
THE GROWTH AND DEVICE INTEGRATION OF 
HIGH-SPEED InGaAs MSM 
 
High-speed MSM devices were studied in the wavelength of 1.3-1.5 µm for the 
applications different from the UV photodetectors. In0.53Ga0.47As was used as the active 
material, which was grown lattice matched to InP, using solid phosphorus MBE. The 
fabrication and integration process was similar to the GaN MSM with high speed as the 
target. 
. 
6.1 InGaAs High Speed MSM Devices 
High-performance GaAs MSMs have been thoroughly investigated and found to 
have excellent performance in the 0.8-µm wavelength region [1,2]. InGaAs has been 
under intensive examination for wavelengths in the low-loss window of silica fiber-optic 
communication lines (1.3-1.5 µm), because of its advantage of lower band gap and lattice 
matched to InP [3]. However, the low barrier height on undoped InGaAs (0.2 V) yields 
unacceptably large dark currents in photodetectors, leading to poor device performance. 
Research activities in GaAs MSM photodetectors have, so far, been mainly 
stimulated by high-speed potential of these devices. For transit-time-limited detectors, the 
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intrinsic speed response depends strongly on the finger spacing and applied bias. A 
simple scaling rule to design high-speed MSMs is to reduce the finger spacing to 
decrease the intrinsic response time, thereby increasing speed and achieving a very high 
electric field between the fingers with a low bias [4].  
Finger spacing has been decreased to the submicrometer and even the nanometer 
scale. A device with a 25-nm finger width and spacing was fabricated using electron 
beam lithography [5], which represents the smallest interdigited MSM devices fabricated 
to date. However, for a given external bias, the electric field in the active region of the 
diode structure strongly increases as the finger spacing is decreased. The strong 
redistribution of the internal electric field in the MSM-PD with small separation between 
the fingers gives rise to a corresponding modification of the field-dependent carrier 
velocities [5]. When the photon penetration depth is larger than the finger spacing, large 
numbers of carriers are generated deep inside the semiconductor bulk. The drift distances 
are mainly determined not by the finger separation, but by the penetration depth of the 
incoming light and are equal to the gap between fingers only for the carriers, which are 
photo generated just near the surface. The remaining carriers will have much longer drift 
distances and times to reach the corresponding electrodes. Thus, the impulse response, as 
the sum of electron and hole currents, is greatly influenced by the slow current 
component of the holes. Therefore, to take full advantage of small finger spacing, the 
generation of the carriers has to be restricted only to the surface region of the MSM 
device, and a thinner active layer is desirable.  
In order to reduce the device dark current, several schemes have been suggested 
to enhance the effective barrier height of InGaAs MSM, such as by growing a thin layer 
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of a high-barrier height material on top of the active InGaAs layer [6, 7]. One of these 
designs incorporates a thin lattice-matched InAlAs top layer that has a barrier height of 
0.65 eV. The effective barrier height obtained from the InAlAs layer limits the dark 
current. However, the collection of the photogenerated carriers is limited, because InAlAs 
layer introduces higher barriers in the band structure for electrons and holes, and the 
performance of the device is degraded. 
By increasing the responsivity, it is feasible to manufacture photodiodes sensitive 
to low-light levels [8]. This can be accomplished by suppressing surface recombination 
through passivation to minimize surface reflections. Therefore, a greater percentage of 
the incident light is collected to improve the carrier lifetime and to better understand the 
internal gain mechanisms. To minimize the effect of carrier trapping, which maybe 
caused by a large band discontinuity at the InAlAs/InGaAs interface, a graded 
superlattice (200 nm thick) is incorporated between the InAlAs and InGaAs layers. This 
superlattice is composed of pairs of ultra-thin (one to nine atomic layers) InAlAs/ InGaAs 
layers, where the width ratio varies so that the effective bandgap is graded linearly in 
depth, as shown by dotted lines in Figure 6.1 [9, 10].  
Both InAlAs and InGaAs layers are lattice matched to InP substrate, which avoids 
the nonradiative recombination centers originating from strained layers or superlattice 
interfaces.  
From the above, we know that a thin active layer is necessary to improve the 
speed, a thin surface InAlAs reduces the dark current, and a superlattice is helpful for 
increasing the responsivity. The interaction of each layer and the thickness of the layers 
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on the characteristics are still being investigated. Such a high-speed MSM will be used in 
for high-speed optical interconnections. 
 
Figure 6.1. Structure and band diagram of InGaAs MSM [10].  
 
 
6.2 The Growth of InGaAs MSM Devices 
A generic InGaAs MSM structure is shown in Figure 6.2. The etch stop layer is 
used to protect the material during the lift-off process and stop the etching to remove the 
substrate. The supporting layer increases the total thickness of the material for convenient 
fabrication. The InAlAs layer is used to increase the barrier height of MSM. The big band 
gaps between InGaAs and InAlAs can trap defects. A graded layer is used to modify the 
band structure, and minimize the trapping defects. The interaction of each layer and the 
thickness of the layers on the relevant device characteristics are investigated in this work. 
The growth temperature is 4000C, and the growth rate is ~0.4 µm/hour, which has 
to be carefully calibrated, because the digital layer is ultra thin, as mentioned in previous 
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section. A detailed structure of 20nm grade layer was shown in Figure 6.2. It takes only a 
few second to grow one layer. The growth rate is determined by chemical selective 
etching, measuring the film thickness grown in a certain time. 
 
 
Figure 6.2. Material structure of InGaAs high-speed MSM.  
 
All the materials are lattice matched: In0.53Ga0.47As and In0.52Al0.48As are lattice 
matched to the InP substrate. They are all n-type materials. The carrier concentration and 
mobility are 5×10-15/cm3 and 6000cm2/v-s for InGaAs, and 5 × 10-14/cm3 and 
1000cm2/v-s for InAlAs, respectively. 
A series of samples was grown; some were grown by Jeng-Jung Shen [11].The 
detailed structure of each sample is listed in Table 6.1. The cap InAlAs is used to increase 
the barrier height and the grade layer can minimize the dislocation density, thus both can 
decrease the dark currents of MSM device. But their thicknesses on speed and 
responsivity are not clear, which varied in our experiments for further investigation. Thin 
InGaAs absorbing layer improves the speed but degrades the responsivity. It thickness is 
varied from 0.5-0.7 µm to find the balance. The effect of InAlAs supporting layer on the 
InP substrate 
InGaAs etch stop 
InAlAs supporting layer 
InGaAs absorbing layer 
InAlAs/InGaAs digital grade 









device property is unknown, and the thickness is from 0.5 to 1 µm in our experiment . 
The etching stop layer is 0.2 µm.  
 
TABLE 6.1.Material structures of high-speed MSM for optimization. 
 
       thickness 
           (nm) 
structure 
R159 R217 R218 R317 R318 R223 R232 R226 
InAlAs 10 40 40 40 40 40 50 50 
Grade 0 20 20 20 20 50 50 50 
InGaAs 100 100 200 300 300 500 200 100 
InAlAs 500 1000 1000 1000 500 500 700 700 
InGaAs 200 200 200 200 200 200 200 200 
 
 
6.3 Characterization and Integration of High-speed MSM Device 
The devices are fabricated and tested by Prof. Nan M. Jokerst’s group [11]. The 
picture of MSM detector was shown in Figure 6.3, the sizes of the finger and gap are both 
1 µm. The active area is a circle with 20 µm diameter. The detector was bonded on a high 
speed pad for testing. 
The dark currents were first measured and shown in Figure 6.4. The difference is 
obvious for different material structures. The one without digital grade layer (R159) has 
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the maximum dark current, proved that grade layer could minimize the defects caused by 
the big bandgap between InGaAs and InAlAs. 
 
          
(a) (b) 
 
Figure 6.3 (a) Thin film I-MSM detector 20 mm diameter 1/1 mm finger/gap. (b)Thin film I-MSM 
detector on high speed GSG pad for device testing. 
 
 
Figure 6.4. Dark currents of all the samples.  
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The difference between R317 and R318 is the thickness of the InAlAs supporting 
layer. The one with thinner supporting layer (500nm of R 318) has larger dark current, 
which is as twice as of R317.  
The difference in the material structure for sample R217, R218 and R317 is the 
thickness of absorbing layer. The one with thickest InGaAs layer (300nm of R317) has 
the lowest dark current, which is 1.68 nA at 5 volts of bias voltage.  
Compared R223 and R318, the dark current of R223 is higher, though it has a 
thicker absorbing layer, it also has a thicker grade layer. Thus the thicker grade layer 
results in larger dark current. 
Compared R223 and R232, the absorbing layer and cap layer of R223 are thicker 
and thinner than R232, respectively, and its dark current is higher than R232, indicating 
that the thicker cap layer results in larger dark current. 
For a device with low dark currents, the requirements for the material structure 
are thicker InAlAs supporting layer and InGaAs absorbing layer, and thinner grade layer 
and cap layer. So R232 has the lowest dark current. 
The responsivity was also measured. The comparison showed that thick InGaAs 
absorbing layer, and thin grade layer and cap layer are helpful to improve the 
responsivity; but the effects of the InAlAs supporting layer is not obvious. 
The impulse response was measured using a set up of a 50 GHz sampling 
oscilloscope, as shown in Figure 6.5 (a), and the measured impulses response of one 
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Figure 6.5 (a) Impulse response measurement set up, using a 50 GHz sampling oscilloscope. (b)The 
measured impulse of R217, FWHM=14.3 ps, rise time (10% to 90%)= 10.4 ps and fall time (90% to 





























































The rising time is defined as from where the intensity is 10% of the peak to when 
90% of the peak. The falling time is defined as the opposite. The speed of the device is 
determined by the sum of rising time, falling time and FWHM. High-speed devices 
require short time response. The experiments showed that the response time was affected 
by applied voltage, and high voltage results in fast speed, as the same as indicated in 
previous section. All the measured results are listed in Table 6.2. By comparison, it is 
found that the sample with thin InGaAs absorbing layer, thin InAlAs supporting layer, 
thin grade layer, and thick cap layer result in short time and high speed.  
 
Table 6.2 Characteristics of high-speed MSM with different material structure. 
Material structure and 
characteristics R217 R218 R317 R318 R223 R232 R226 
InAlAs Cap (nm) 
Grade (nm) 
InGaAs Absorbing  
(nm) 






































Dark current (nA) (5V) 
Responsivity (A/W) (5V) 
FWHM (psec) 
Rise time (psec) 














































Sample R217 has the shortest response time (47.5 ps), its responsivity is 0.09 
A/W. With increasing the thickness of absorbing layer (R318), the response time 
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increases to 64.2 ps, but the responsivity increased to 0.39 A/w. Our device is comparable 
with the commercial ultra-fast MSM [12], which has the response time at 10V from 40 to 
100 ps, and responsivity from 0.2 to 0.4 A/w. 
The integration was as the same as the integration of GaN MSM, except that it 
was bonded on metal/BCB/glass substrate. The properties after bonding were not 
degraded. 
In summary, from the above measurements and discussion, low dark current, high 
responsivity and high speed could not be achieved at the same time, as shown in Table 
6.3. Two of the desired properties for photodetectors in current telecommunication 
technologies are high quantum efficiency and short response time. But high efficiency, 
high speed and large detection area involve trade offs, due to the facts that increasing the 
absorbing layer thickness for high responsivity is inversely proportional to the response 
time of the photodetectors. Depends on the application as optical interconnects, the 
optimized material structure should insure the device with high speed but reasonable 
responsivity. It was also found that thick supporting layer is hard for integration because 
of curling. So for future research, the supporting layer is targeted at 500nm, the cap layer 
at the thickness of 200nm, grade layer at 20nm, and absorbing layer at 100-300nm. 
 
  Table 6.3 Summary of the relationship between device characteristics and material structure. 
 
Material structure and 
characteristics Low dark current High responsivity High speed 
InAlAs 
 Cap  
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C H A P T E R  7   
DESIGN, GROWTH, AND CHARACTERIZATION OF 
INAS QUANTUM DOT PHOTODETECTORS 
 
Along with the continued shrinking of device dimensions in Si VLSI, the task of 
exploring and understanding new device structures that are based on quantum mechanical 
effects has become increasingly important. These devices possess critical dimensions 
smaller than the phase coherent mean free path of electrons, which is estimated to be on 
the order of 500 Å in Si at room temperature. The need for novel device structures and 
technology is well recognized by the semiconductor industry which has called for the 
research and development of novel device structures that are non-lithographically 
defined. One such group of devices is based on semiconductor islands that are formed 
during hetero epitaxial growth, also known as self-assembled quantum dots (SAQD). 
Quantum dot or island formation is driven by the compressive strain that is present in 
hetero-structures such as InAs on GaAs substrate and Ge on Si substrates. In this chapter, 
the history and fundamental theory of QDs’ are introduced. A study on the growth 





7.1 Introduction of Quantum Dot 
It is called “particle in a box” in elementary quantum mechanics: a particle such 
as an electron in a potential that is zero within some region and finite outside of the 
region. The wavefunction of the electron can take on only certain standing-wave patterns, 
with a corresponding discrete set of energy levels. In other words, the energy of the 
electron is quantized by the potential well [1], as shown in Figure 7.1. 
 
 
Figure 7.1.Quantized energy for a particle in box.  
 
Remarkably, it is possible to fabricate semiconductor structures that are well 
approximated by this potential-well model with semiconductor heterostructures of more 
than one semiconductor material. The states of electrons and holes in these structures can 
be described using a modified version of Bloch's theorem, where the particle 
wavefunction )(rρϕ  is written as a product of a periodic part )(ru ρ and an envelope 
wavefunction )(rρχ [2]: 
)(rρϕ = )(ru ρ )(rρχ                       (7.1) 






InAs, )(ru ρ is an s-like wavefunction for electrons in the conduction band, and is a p-like 
wavefunction for holes in the valence band. The envelope function )(rρχ , on the other 







ρρρη χχ =+∇−                (7.2) 
where E is the carrier energy. This equation of motion is equivalent to the ordinary 
Schrödinger equation, except that the particle mass is replaced by an effective mass m*, 
and the potential )(rV ρ  corresponds to the energy of the appropriate band edge, which 
is the bottom of the conduction band for electrons, and the top of the valence band for 
holes. 
Thus, the potential profile of the “particle in a box” can be simulated by a 
variation in bandgap. A quantum well consists of a thin sheet of a semiconductor material 
with a lower bandgap inserted between layers of a semiconductor material with a wider 
bandgap. Carriers are trapped in the low-bandgap material by the effective potential well. 
If the thickness of the layer is small enough, carriers form standing waves can only 
occupy discrete energy levels. The quasielectric fields created by bandgap variations 
allow both electrons and holes to have potential minima in the same location that 
sometimes is not possible with real electric fields. 
All the carriers (electrons and holes) in a quantum well will be in the lowest 
quantum-confined state at low enough temperatures. The carriers are free to move, 
however, in the plane of the well. The well is referred to as a quasi-two-dimensional 
system, since the carrier motion has been effectively restricted to a plane. The 
corresponding density of states shows a staircase pattern. The density of states can be 
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made more singular if the effective number of dimensions is reduced to one, in a quantum 
wire, or zero, in a QD, as shown in Figure 7.2.  
  
 
Figure 7.2 Semiconductor heterostructures and corresponding densities of states. 
 
In a quantum dot, the energy levels are fully quantized, as in an atom. Optical 
transitions between the valence band and the conduction band can thus occur only at 
discrete energies. The bound electron states of the quantum dot take the form of a set of 
discrete atom-like orbitals. Unlike atoms, however, the confining potential of a quantum 
dot takes the form of a three-dimensional box, rather than the central nuclear potential of 
the atom. In addition, electrons in a quantum dot are subject to scattering by phonons in 
the crystal lattice. 
Modern lithographic techniques have made possible the fabrication of quantum 
dots with sizes as small as 50-100 nm [3]. One problem with the etching process used to 
define such dots is that it introduces defects into the crystal lattice. An alternative way of 
   Box       Well       Wire      Dot    
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producing nanometer-sized QDs was developed based on crystal growth techniques 
(MBE or MOCVD) [4].  
Epitaxial growth of lattice-matched material can proceed according to two 
different growth modes, as illustrated in Figure 7.3. Layer-by-layer growth is also known 
as Frank-van der Merve growth. It occurs when the sum of the epitaxial surface energy 
and the interface energy is less than the substrate surface energy. If the energy balance is 
reversed, it is favorable for the epitaxial material to form small islands on the surface. 
This is known as the Volmer-Weber growth mode.  
For epitaxial growth of lattice-mismatched material, it is necessary to consider 
strain energy as well as surface and interface energies. Growth can initially proceed in a 
layer-by-layer mode. However, the unit cells of the epitaxial material will be distorted in 
order to conform to the lattice constant of the substrate, leading to strain in the epitaxial 
layer. The energy associated with this strain increases as the layer thickness increases. 
Island formation will be favorable if the energy lost by strain reduction is greater than the 
energy associated with the additional surfaces [6]. Deposition of a planar wetting layer 
followed by three-dimensional islands is known as the Stranski-Krastanov (SK) growth 
mode. Islands compete with dislocation as a mechanism for relieving strains. If the 
energy lost by forming islands is greater than that lost by formation dislocations, coherent 
islands are possible to grown. Under certain conditions, deposition of InAs on GaAs 
leads to just such dislocation-free islands. The islands have dimensions on the order of 
several nanometers, making them suitable for use as quantum dots [7-9]. GaAs deposited 
on top of the dots forms a planar layer, resulting in a small inclusion of InAs inside a 
matrix of GaAs. Such self-assembled dots have been extensively studied recently, both 
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for their physical interest and potential applications [10].  
 
 
       (a)       (b)       (c) 
 




The equilibrium picture of quantum-dot formation presented above is not a 
complete account of how dots form in MBE. It is also necessary to consider the atomic 
kinetics involved. 
The driving force for the SK growth is the reduction of the elastic strain energy 
due to lattice mismatch. It is counter-balanced by the increase in the surface energy. The 
wetting layer far away from the island experiences the misfit strain: ε=(a0-awetlayer)/a0, 
where awetlayer is the lattice constant of the wetting layer, and a0 is the lattice constant of 
the layer beneath the wetting layer. The islands are formed to decompose the thick 
wetting layer and relieve the strain. The strains and energy around the island is shown in 
Figure7.4 [11]. The strain beneath the island area is low, while higher strain exists around 
the island. Correspondingly, there is a peak in the strain energy distribution, as shown in 
Figure 7.4 (c). The low strain and strain energy well along the surface layer of the island 
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is formed due to the strong relaxation underneath QD, and the strain transformation 
between region A and region B. The peak in the strain energy distribution forms an 
energy barrier of height E1 to mass transport on the surface. The atoms form the outside 
region must overcome this barrier to diffuse onto the island (island growth). By the same 
time, the atoms also have to overcome a barrier E2 to diffuse away from the island. 
(island shrinkage). When the island grows bigger, the energy barrier increases, and fewer 
atoms are able to surpass the barrier. As a result, the growth of the larger islands is 
decreased in comparison to the smaller ones, narrowing the island size distribution. 
When the island size is small, there is a great amount of surface energy in the dot 
structure. This causes the dot structure to have a strong tendency towards the 
thermodynamically stable state. The minimization of surface energy is realized via 
ostwald ripening. Due to the self-limiting effect, smaller island grow faster and hence a 
narrow size distribution may be expected. The phenomenon of the changing in the island 
size may be related to the reduction of the critical thickness of the wetting layer. 




Figure 7. 4. Strain energy distribution around a coherent quantum dot [11].  
Three factors that strongly influence the size and density of self-assembled dots: 
the temperature, the deposition rate and the surface diffusion constant. All these 
parameters are coupled, and it might not be possible to vary them independently to get a 
clear picture of the growth. However, by hand-waving arguments it is possible to gain 
some basic feeling for the overall trends. 
The island density increases rapidly with increasing amount of deposited material, 
up to a saturation point, after this point the density is rather constant [13]. With a constant 
deposition rate, the following relations are of importance: the distance between nuclei 
will follow the surface diffusion length, when the wetting layer has passed the critical 
thickness and 3D nucleation is possible. Since the surface diffusion length in most cases 
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will increase with increasing temperature and decrease with increasing deposition rate, 
the density will increase with increasing deposition rate and decreasing temperature.  
The density and size of quantum dots is partially determined by the balance 
between the rates of adsorption and diffusion of In atoms on the sample surface. If 
adsorption occurs slowly compared to the surface diffusion, the surface approaches 
thermal equilibrium at each moment during growth. This leads to a layer of dots with 
relatively low density and large diameters. On the other hand, if adsorption is faster 
compared to diffusion, the kinetics is frozen out. In atoms will tend to aggregate into dots 
with additional atoms and they are adsorbed nearby rather than with more distant atoms, 
resulting in a higher density of smaller dots for the same amount of adsorbed material. 
The balance between adsorption and diffusion can be changed by increasing the InAs 
growth rate, or by increasing the V/III ratio, which leads to a lower diffusion rate. 
However, more dramatic differences occur when the substrate temperature is changed. A 
higher substrate temperature leads to a higher diffusion rate. At the same time, it 
increases the inter-diffusion of adsorbed In atoms and underlying Ga atoms. The epitaxial 
quantum-dot layer is thus an InGaAs alloy, with a Ga fraction that increases with 
temperature. A higher Ga content means that the epitaxial layer has an effective lattice 
constant closer to that of the GaAs substrate. This, in turn, means that the strain energy 
that drives the islanding process is reduced. This combines with the decreased surface 
diffusion to produce larger, sparser islands.  
Surface roughness is another parameter that greatly influences the density of 
islands. A rough surface affects both the diffusion constant and the number of favorable 
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nucleation sites. The result is that the density of dots increases with increasing surface 
roughness, the height of the dots is correspondingly smaller.  
 
7.2 Quantum Dot Far Infrared Photodetector (QDIP) 
The interest in infrared photodetectors is connected to the development of a class 
of devices based on intersubband transitions, including quantum-well and -dot infrared 
photodetectors. The advantages of quantum dot infrared photodetectors (QDIP) are its 
normal-incidence detection, high-temperature operation, high gain, high differential gain 
associated with low threshold currents, good high-speed characteristics, etc. The main 
disadvantage of the QDIP is the large inhomogeneous linewidth of the quantum-dot 
ensemble resulting from random variation of dot size in the SK growth mode. As a result, 
the absorption coefficient is reduced [14-18].  
The basic structure of QDIP is shown in Figure 7.5. A relaxed buffer layer is 
grown first. A superlattice layer is also preferred to relieve stress. Incidentally, the 
wavelength of a quantum structure could be tuned by changing the residual strain [19]. 
For the quantum-dot structure, the first barrier has to be wide enough to reduce spatially 
indirect absorption between the quantum dot plane and the first quantum well. The barrier 
between the two quantum wells has to be thin enough to reduce the time spent by the 
electron in the first quantum well and thus reducing the chances of the electron being 
scattered [20]. If the quantum dots layers are repeated over several periods, the 
responsivity will increase. However, it is suggested that a superlattice structure with as 
small a number of quantum dot layers as possible can avoid the dislocations in practical 
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device structures [21]. It is shown that the ratio of the responsivity and the dark current 
pronouncedly decreases with decreasing QD densities [22]. A current blocking barrier is 














Far-infrared (5-20µm) photodetectors are found useful in the application of night 
vision, navigation, flight control, thermal imaging, early warning systems, and space 
research. Narrow-bandgap materials are the state of the art in long-wavelength far-infrared 
photodetectors [24,25]. Quantum dot photodetector and laser have been reported by a few 
groups to be operated at very low temperature with wavelengths around 13 µm [26, 27].  
Quantum dots should fulfill the following requirements in order to make them 
useful for devices at room temperature [10]:  
(1) Sufficiently deep localized potential and small dot size is a prerequisite for 
obdervation and utilization of zero-dimensional confinement effects.  
(2) Quamtum dot ensembles should show high uniformity and a high volume filling 
factor.  
(3) The material should be coherent without defects like dislocations.  
InAs QD n+ 
GaAs buffer/superlattice 
GaAs Substrate 
 n layers 
GaAs Spacer 
AlGaAs current block barrier 
GaAs contact layer 
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The lower size limit of a quantum dot is due to the condition that at least one 
energy level of an electron or hole is present. The critical diameter depends strongly on 
the band offset of the corresponding bands in the material system used. An electron level 
exists in a spherical quantum dot if the confinement potential, defined by the conduction 







      (7.3) 
where me* is the effective electron mass. Assuming a condition band offset value of ~0.21 
eV [28] for InAs/GaAs heterostructures, the diameter of the quantum dot should be larger 
than 5nm. This is the lower limit of the dot size. Within a quantum dot with this or 
slightly larger size, the separation between the electron level and the barrier energy is 
very small. At finite temperature, thermal excitation of carrier from quantum dots will 
result in their depletion. This is one potential disadvantage. In reality, the shape of 
quantum dot is more like a pyramid rather than a perfect round.  
The issue of uniformity exists when a device is operated on the base of multiple 
quantum dots. Ideally, a dense array of dots with the same size and shape is desired. The 
main effect of size fluctuation is the variation in the energy position of electronic levels, 
which will affect the wavelength of the quantum dot photodetector. Such variation is 
typically Gaussian. For the device that relies on the integrated gain in a narrow energy 
range, the inhomogeneous energetic broadening should be as small as possible. Thus, for 
a given average size of the dots, the smallest possible size and shape fluctuation values 
are the major concerns. Furthermore, if wavelength multiplexing is desired, a certain 
width of the distribution of energetic levels is critical. Typically, a minimum number of 
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dots is necessary to obtain a given performance and overcome the losses. 
The density of defects in a quantum dot material and its interface to the 
surrounding material should be as low as possible. Through SK growth mode, 
MBE-grown quantum dots have been proved the ability to produce defect-free quantum 
dots [26]. 
Severe problems are still associated with epitaxial growth and nonuniformities. 
The random variation of dot size causes poor device performance, and the far-infrared 
quantum dot laser and photodetectors can be operated only at low temperature. The 
wavelength of QDIP needs to be tuned. The size of the dots size determines the electron 
levels, and the wavelength of the photodetector. By controlling the dot size, the 
wavelength can be tuned. 
Many research efforts have reported on modifying dot sizes, improving the 
uniformity, and tuning the wavelength of the detector. Examples are to: 
 Vary the growth rate and substrate orientation [29] 
 Vary the thickness and change the annealing conditions of the dots[30]; 
 Vary the thickness of the spacer [31]; 
 Change the superlattice cycles and modify the interface roughness[32,32]; 
 Optimize the structure by adding an InAlAs/InGaAs/AlGaAs top layer [34,35] 






7.3 Optical Transitions in Self-Assembled Quantum Dots 
The GaAs crystal is a zinc blende structure. The Ga atoms occupy the sites on one 
of the sub-lattices, and As occupies the sites on the other. The in-plane lattice constant is 
0.5653 nm [5]. The band gap between the bottom of the conduction band and the top of 
the valence band is 1.42 eV at room temperature. InAs has the same crystal structure as 
GaAs and has a lattice constant of 0.6058 nm. InAs has a direct bandgap of 0.354V, 
which allows for efficient optical transitions. 
The bandgaps of InAs and GaAs the two materials line up such that a large 
potential well is formed for both electrons and holes. The dipole moment of the atoms in 
the dot effectively adds up to create a single dipole with large oscillator strength. Finally, 
the energy of transitions between confined states in the dots lies in the near infrared, 
allowing for efficient photon detection. 
Our principle tool for investigating optical emission from quantum dots is 
photo-luminescence (PL). This process is illustrated schematically in Figure 7.6. Laser 
light is directed towards the sample, leading to the production of electron-hole pairs. The 
energy of the incident light may be larger than the GaAs bandgap; this is what we call 
above-band excitation. In this case, many electron-hole pairs are created in the GaAs 
matrix surrounding the dot. The carriers diffuse towards the dots. At low temperature, 
they are rapidly trapped by the dots, and quickly relax to the lowest-energy confined 
states [34]. They then recombine to emit a photon with a characteristic energy. 
Alternatively, the incident light can be tuned such that the photon energy is equal to the 
energy difference between higher-lying states in the dot; this is called resonant excitation. 
In this case, the diffusing and trapping steps from the GaAs are avoided, and electrons 
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and holes are always created in equal numbers directly in the dot. 
 
 
Figure 7.6 Schematic of transitions in an InAs/GaAs quantum dot. 
 
Figure 7.7 shows a schematic of the experimental apparatus used for PL 
measurements. The sample is held at a low temperature of 77-150 K in vacuum. The low 
temperature is maintained by a continuous flow of liquid nitrogen. The laser beam is 
incident on the sample, and lenses are used to focus pump light onto the sample. The 
pump source is a Ge laser. Following the lenses, the light is received by a detector array, 
which is cooled with liquid nitrogen to minimize noise. The array consists of several 
columns of pixels, so that a range of wavelengths can be detected simultaneously.  
The PL measurement is related to the wavelength of the fabricated quantum dot 
photodetector. It has been demonstrated that with changing the formation of dots, when 
the intersuband absorption wavelength for InAs/GaAs quantum-dot infrared 
photodetectors is blue shifted, the PL peak is red shifted [35]. Thus, PL is an important 
tool for characterization of quantum dot materials. 
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Figure 7.7 Schematic of Photoluminescence measurement. 
 
 
7.4 Annealing Experiments 
Many experiments have been reported on the annealing of InAs quantum dots. 
Annealing dot layers under similar and dissimilar anion fluxes can help to understand the 
fundamental relationship between strain and surface exchange kinetics [11]. Since 
quantum dot formation is strain-dependent, understanding and exploiting the strain 
kinetics help us better able to control the influence of strain on mismatched epilayer 
during MBE growth. 
In this work, we performed a series of experiments by annealing the spacer, the 
layer between two quantum dots. The dot size was affected, as was the observed PL 







and density. The current blocking layer, AlGaAs layer used to enhance the bandgap, was 
also annealed. 
In our experiments, InAs quantum dots were grown by MBE on semi-insulating 
GaAs substrates using solid arsenic and phosphorus sources to produce As4 and P2. The 
deoxidation temperature was determined by RHEED observation and assumed to be 580 
0C. A 2500Å GaAs buffer was first grown at the substrate at the deoxidation temperature. 
A V/III (As4/In) flux ratio of 18 was used to grow the quantum dots. The growth rate was 
0.45 Å/sec. Approximately 3 ML InAs was deposited at 500 0C; the shutter was closed 
immediately when observing the spotty RHEED pattern. A 125Å GaAs spacer was 
grown between the dot layers. The quantum dot layer and spacer were grown for two 
periods. Finally a 800 Å GaAs cap layer was grown. That is the standard sample for 
comparison. The material structure is shown in Figure. 7.8 (a). 
For some of the samples, after the growth of spacer, the Ga shutter was closed 
immediately, and the spacer was annealed under As4 for three minutes at a temperature of 
5800C (R461), 5000C (R450), or 3500C (R446). For other samples, the spacer was 
annealed under P2 for three minutes at the temperature of 580 0C (R460), 5000C (R452), 
or 3500C (R454). The dots and spacer were grown with 2 periods, and the spacer in each 
period was annealed. The beam equivalent pressures (BEP) of As4 and P2 during the 
anneal period were 2 ×10-6 Torr. Finally the cap layer was grown. These samples are 
grown for specifically for characterization using PL and x-ray.  
To observe the dots formation with AFM, other samples were grown without the 
top cap layer and spacer, and with a bare quantum dot layer on the annealed or 





Figure 7.8 (a) Schematics of the material structure for x-ray and PL measurements. The spacer was 
non-annealed or annealed under different conditions for comparison.(b) Schematics of the material 




It was mentioned earlier that a current blocking barrier is necessary to decrease 
the dark current [39]. After the growth of two periods of InAs/GaAs, a 500Å Al0.3Ga0.7As 
layer was grown. The AlGaAs layer was annealed under As4 or P2 at 5800C and 5000C. 
Finally a 800Å GaAs cap layer was grown. The schematic of material structure is shown 
in Figure 7.9. X-ray and PL were used to characterize the effects of annealing the current 
block layer on the properties of the QD material.  




2500 Å GaAs buffer 
GaAs Substrate 
3ML InAs QD n+ 
125 Å GaAs Spacer 
800 Å GaAs cap 
3ML InAs QD n+ 
125 Å GaAs Spacer  
Annealed 
2500 Å GaAs buffer 
GaAs Substrate 
3ML InAs QD n+ 
125 Å GaAs Spacer 
3ML InAs QD n+ 
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Figure 7.9. Schematics of material structure grown with a current block layer, which was annealed 




7.5 Characterization of the Samples with Spacer Annealed under As4 
AFM images of the samples annealed under As4 are shown in Figure.7.10 
Figure 7.10 (a) is the standard surface morphology of 3 ML InAs quantum dots 
grown on the non-annealed spacer. The dots’ diameters are in the range of 35 nm. The 
dot density is 160/µm2.  
Figure 7.10 (b) is the dots grown on the spacer annealed at 3500C for three 
minutes. The diameters of the dots are approximately 50 nm. The dot density is 90/µm2. 
Fig. 7.10 (c) is the dots grown on the spacer annealed at 5000C. The dot sizes are in the 
range of 35-60nm. The dot density is larger than 250/µm2. The dots are very dense, but 
not uniform. 
Figure 7.10 (d) is the dots grown on the As4 annealed spacer. The annealing 
temperature was increased to the deoxidation temperature, 5800C, for three minutes. The 
dots are less uniformed. The diameters are in the range of 30-60nm. The dot density is 
about 60/µm2. Compared with the non-annealed sample, this one obviously has the larger 
 
Annealed 
2500 Å GaAs buffer 
GaAs Substrate 
3ML InAs QD n+ 
125 Å GaAs Spacer 
800 Å GaAs cap 
500Å Al0.3Ga0.7As 
} 2 periods 
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and less dense dots. It has been shown that quantum dot experience an Ostwald ripening 













Figure 7.10 AFM pictures of quantum dots grown on the spacer, which was (a) non annealed, (b) 
annealed under As4 at  3500C, (c) at 5000C, (d) and at 5800C. 
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The dot size distribution was shown in Figure 7.11, from where it is found that the 
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      (d) 
  
Figure 7.11 Dot size distribution, (a) non annealed, (b) annealed under As4 at  3500C, (c) at 5000C, 
(d) at 5800C. 
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When the spacer is annealed under As4 at 3500C, the sample has larger dot size 
and fewer dot densities. When annealed under As4 at 5000C, it has smaller QD size and 
more QD density. When annealed at 5800C, Ostwald ripening happened to minimize the 
strain energy within the small dots. Dots are growing larger (in the diameter), and less 
dense.  
The capped samples were analyzed with x-ray to support the analysis. The ω-2θ 
x-ray scans of the capped samples in the (0004) direction were shown in Figure 7.12 (a). 
The peak is the GaAs substrate. The samples with As4 annealed spacer were compared 
with the standard, non-annealed sample. The partially strained dots give rise to diffuse 
scattering in the vicinity of the coherent SL satellites, which to the wetting layer and the 
spacer layers. The total period of each sample is different, indicating that the thicknesses 
are different. Simple simulations were carried out for these samples. The simulation of 
R450 is shown in Figure 7.12 (b).  
Simple simulations show that the InAs layer thicknesses are modified. Only the 
non-annealed sample has a 3ML QD layer. The samples annealed at 3500C and 5800C 
have thinner QD layers, approximately 2-2.3 ML. The one annealed at 5000C has the 
thickest layer, more than 3ML.  
The samples are also measured with PL at 78K, as shown in Figure 7.13. The 
intensity of the non-annealed sample is beyond the limitation of our instrument. Its 
energy level is estimated to be 1.29 eV. The sample annealed under As4 at 5000C has the 
energy level of approximately 1.27 eV, the sample annealed at 5800C has 1.21 eV, and 
the one at 3500 has 1.16eV. The energy level shifted with different annealing conditions. 
As discussed in Section 7.2, the energy of the electrons within dots is related with the 
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dots’ sizes. Larger diameter results in less energy. The dots size of non-annealed sample 
is the smallest one among these four samples, which thus has the highest energy. The one 
annealed at 3500C processes largest dots, which has the lowest energy. The PL 
measurements are in good agreement with the AFM images. Therefore, the tuning of the 
wavelength of quantum dot photodetector can be realized by annealing the spacers under 
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Figure 7.13 PL measurements of the samples, which are not annealed, or with spacer annealed under 
As4 at 3500C, 5000C, and 5800C. 
 
 
TABLE 7.1 Summary of properties of sample with spacer annealed under As4.  
AFM x-ray simulation PL      properties 
Anneal 







non annealed  35 160 0.9 1.29 
As4 350 0C 50-100 90 0.75 1.16 
As4 500 0C 35-60 250 1 1.27 








7.6 Characterization of the Samples with Spacer Annealed Under P2 
AFM images of samples annealed under P2 were shown in Figure 7.14.  
Figure 7.14(a) is that of the InAs dots grown on the non-annealed spacer. The dots 
grown on the spacer annealed at 3500C are shown in Figure 7.14 (b). The diameters are 
about 30-50 nm; with a dot density of 200/µm2. The sample annealed at 5000C are shown 
in Figure 7.14 (c), with dots’ sizes in the range of 30-50nm and dot density is about 
35/µm2. The sample grown under P2 at 580 0C was shown in Figure 7.14 (d).  
The dot size distribution is shown in Figure 7.15. The one annealed at 580 0C is 
most uniformed. However, it is suspicious if the particles shown in the graph are real 
quantum dots. Another AFM picture scanned in a smaller range is shown in Figure 7.6 It 
is clearly shown that no coherent quantum dots are formed on the spacer annealed under 
P2 at 5800C. With increasing annealing temperature, fewer dots are formed. The dots’ 




















Figure 7.14. AFM pictures of quantum dots grown on the spacer, which was (a) non annealed, (b) 
annealed under P2 at 3500C, (c) at 5000C, (d) and at 5800C. 
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Figure 7.15 Dot size distribution, (a) non annealed, (b) annealed under P2 at 3500C, (c) at 5000C, (d) 
at 5800C.
 133  
 
 





A P-for-As exchange reaction occurs when the spacer is annealed under P2. The 




AsP does not aggregate because it has a high vapor pressure [41]; hence, the 
higher the surface temperature, the more desorption; but it acts as a sink for P that is 
scavenged to the exchange reaction P-for-As anion. Thus, this exchange reaction is 




GaPyAs1-y+ yAs (S) 
GaAs     + yAsP 
+P  +P        (7.4) 
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of y increased with increasing temperature. When InAs was grown on the spacer, some 
atoms were combined with P, so the alloy of InPxAs1-x was grown instead of InAs. 
Because the lattice constant of InPxAs1-x (5.8688Å for InP) are smaller than that of InAs 
(6.0590Å), the misfit energy is reduced, providing an additional driving force for the 
anion exchange reaction. The P-for-As exchange will prefer to occur along the island 
perimeter to reduce the energy barrier [42]. The exchange in the surface of the wetting 
layer increases its critical thickness. The reduction of the energy barrier and the increase 
of the critical thickness will decrease the stability of the islands, and enhance the mass 
transport from the islands to the wetting layer, leading to shrinkage of the islands. It has 
been found that during annealing, two opposite process occur simultaneously [3]. One is 
island coarsening via Ostwald ripening; the other is island shrinkage due to anion 
exchange.  
At the early stage of annealing, coarsening dominates the whole process and 
hence the island size grows with annealing temperature (as shown in Figure 7.14 (c), 
annealed under P2 at 5000C). When higher temperature was applied, the degree of anion 
exchange will become so high, that the island will shrink until complete disappearance, 
as shown in Figure 7.14 (d), annealed under P2 at 5800C.  
The phenomenon of surface exchange happened under P2 anneal can be verified 
with x-ray scan. The (0004) ω-2θ scan was shown in Figure 7.17.  
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Figure 7.17. X-ray scan of QD samples with the spacer was annealed under P2 at different 
temperature.  
 
From the graph, when the samples are annealed under P2 at the temperature above 
500 0C, the fringes around the substrate peak disappear. That is because the lattice 
constant of GaP is 5.4505Å, that of GaAs is 5.6537 Å, and that of InP is 5.8688Å, the 
lattice constants of GaPAs and InPAs are similar to GaAs. It is hard to distinguish each 
single ultra-thin layer with the substrate. At higher annealing temperatures, more P atoms 
are exchanged with As. The result from the x-ray measurements is in good agreement 
with AFM images and our analysis. 
PL measurements are shown in Figure 7.18. It can be seen that the peak position 
of the spacer annealed under P2 at 3500C is 1.21 eV, blue-shifted from the non-annealed 
sample. The PL of the sample annealed at 5000C was a broad peak, indicating that the 
dots are randomly distributed in sizes. No strong signals were detected for the sample 
annealed at 5800C since no coherent quantum dots are formed. 
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The PL measurements show that with the spacer annealed under P2 at low 
temperature, the energy level did change to a position different from the non-annealed 
one. So the wavelength of a detector can be tuned by annealing under P2 at low 
temperature. 
 



























Figure 7.18 PL measurement of non annealed sample , the sample with spacer annealed under P2  at 
3500C, 5000C , and 5800C. 
 
 
TABLE 7.2 Summary of properties of sample with spacer annealed under P2.  
AFM PL      properties 
Anneal 





non annealed  35 160 1.29 
P2 350 0C 30-50 200 1.21 
P2 500 0C 30-50 35 ~1.20 
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7.7 The Samples Grown with Current Block Layer 
To study the current block layer, we grew the samples with an AlGaAs layer, 
which was non-annealed or annealed under different conditions. The material structure 
was shown in Figure 7.9. The spacers are all not annealed. The (0004) ω-2θ scan was 
shown in Figure 7.19. 
 
 
Figure 7.19 X-ray scan of the samples with the current block layer. 
 
 
From the simulation, compared the samples of R463 and R462 with R455, the 
difference is that the strain of AlGaAs changed. The As4 annealing relieves the strain 
within AlGaAs layer compared with the non-annealed sample. 
The simulation of the samples of R457 and R456 showed that a layer of 
Al0.3Ga0.7PxAs1-x was formed between AlGaAs and cap GaAs layer, indicating that 












R463, As4 at 5000C 
R462, As4 at 5800C 
R457, P2 at  5000C 
R456, P2 at 5800C 
 
R455, no anneal 
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surface exchange happens with P2 annealing. Higher temperature results in thicker 
AlGaPAs layer and larger value of x.  
PL measurements are shown in Figure 7.20 The annealed samples are peaked 
approximately at the same position that is hardly distinguished from each other, at 1.21 
eV. The peaks are blue-shift to the non-annealed one, which is 1.26 eV. The annealing on 
the AlGaAs layer changes the layer strains and affects the energy level of the quantum 
well. However, the energy level of the dots does not change much with different 
annealing conditions.  
Compared to the PL measurement of the standard non annealed sample without 
the AlGaAs layer, which has the energy level of 1.29 eV, as mentioned in the previous 





















Figure 7.20 PL of the samples with AlGaAs layer annealed and non-annealed. 
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In summary, the size and density of self-assembled QD’s is a very complex topic 
that up to today is not fully understood. The change in the dot size and density helps us to 
better understand the mechanism of dot formation.  
The case of QD structure got involved with P2 annealed is particularly 
complicated due to As/P exchange reactions. These exchange reactions means that, if an 
GaAs/AlGaAs surface is subjected to phosphors pressure at an elevated temperature 
(~500°C), As-atoms will be exchanged for P. When InAs layers were grown on such a 
surface, some P atoms will also react with InAs. High temperature results in more active 
P atom and more P/As exchange reactions, making the two layers are more lattice 
matched and fewer quantum dots are formed.  
The As4 annealing changes the InAs QD size, resulting changes in the electron 
energy. To tune the wavelength, anneal the spacer under As4 at different temperature is 
efficient.  
No research efforts report the integration of quantum dot photodetectors yet. For 
further research, different growth conditions resulting in changes in the energy are still 
our main focus. 
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In this thesis, three different photodetectors are designed and grown. They are 
important for different applications as described below. 
GaN MSM photodetectors detect light in UV range. Our work concentrates on 
decreasing the defect density in the material and consequently dark currents in the 
devices. Because we use a near lattice-matched substrate, after optimization of the growth 
conditions, the defect densities in GaN grown on LGO is in the range of 107/cm2. The 
device grown on LGO has the dark current in the range of 10-12A. Even after bonding and 
integration, the performance of the device did not degrade.  
Due to the asymmetric structure of the substrate, asymmetric strains exit in the 
grown GaN film, making integration difficult. The strains analysis can be partially 
relieved by the growth of thick films (more than 1µm). The use of superlattices can stop 
substrate outdiffusion. However, it creates a more complicated strain profile. For thin 
GaN films, Al0.12GaN superlattice buffer would relieve the strain most, and for the 
thicker layers, the Al0.44GaN superlattice buffer relieves the strain most.  
Further research is expected on this topic. The dislocation densities should be 
verified by TEM. It will be interesting to determine how the dislocation densities change 
before and after the film thickness has reached its critical thickness and with different Al 
composition. 
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InGaAs MSM PD has optoelectronic applications at wavelengths of 1.3 and 1.55 
µm, and it is attractive due to the high speed. The challenge is to improve the speed of 
devices and maintain low dark current and high responsivity at the same time, which 
could be achieved by optimizing the material structure. Finally, devices were fabricated 
that achieve speeds as high as 50-70GHz, comparable with the commercial ultra-fast 
MSM.  
In summary, GaN MSM and InGaAs MSM have similar process of integration, 
but the integration of InGaAs MSM is easier because all the layers are lattice matched. 
The asymmetric strains within GaN caused by the substrate make the integration more 
difficult. Two MSM detectors have applications at different wavelengths. Low noise is 
preferred for GaN MSM, and high speed and high responsivity are preferred for InGaAs 
MSM.  
The research in this thesis related with quantum dot was to control the formation 
of the dots, and tune the wavelength of quantum dot photodetector. The wavelength of 
quantum dot photodetector is in the infrared (λ= 4-20µm) range of the optical spectrum. 
The function of growth condition on the wavelength was tested by PL characterization. It 
was found that the annealing under P2 results in surface exchange, and the annealing 
under As4 mostly changes dots’ sizes, causing the changes of energy level.  
Further experiments are expected on the fabrication, integration, and 
characterization of the devices.  
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